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V 
Abstract 
 
 
 In the last twenty years, chemists have devised numerous synthetic chemical 
systems in which self-replication operates, demonstrating that molecules can 
replicate themselves without the aid of enzymes and that self-replication is not a 
prerogative of nucleic acids only. However, the coupling of replication to other 
recognition-mediated events and its exploitation in the amplification of large 
supramolecular assemblies, such as mechanically interlocked molecules, have 
remained unexplored areas. Among mechanically interlocked molecules, rotaxanes 
represent particularly attractive targets because of their application as molecular 
switches. This thesis describes how the recognition-mediated synthesis of a 
rotaxane can be combined to the amplification of its structure by replication. 
 Kinetic models for the integration of self-replication with the formation of a 
rotaxane are presented. The logical steps required  to convert these models into 
molecular structures through consideration of the design criteria highlighted by the 
models are discussed and executed. The macrocyclic component is an essential part 
of a rotaxane. The synthesis of several novel macrocycles is presented. Their ability 
to bind guests in their cavities through hydrogen bonds was probed. The best 
macrocycle/guest pairs were integrated in the formation of rotaxanes. Further 
investigations on the stoppering reaction and on the various recognition processes 
involved in the system lead ultimately to the construction of self-replicating 
rotaxanes. 
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1 
 Introduction 
 
 
1.1 Preamble 
 
 In the course of the evolution of the universe, matter has evolved toward an 
increase in complexity. The driving force that has led to the generation of complex 
matter is self-organisation,1 of which supramolecular chemistry2 aims to unravel 
the mechanisms. The progressive complexification of chemical matter has resulted 
in the emergence of life. Life on Earth shares the same chemical basis: DNA. An 
essential property of living organisms is their ability to make copies of their genetic 
information through DNA replication. The discovery of the molecular structure of 
DNA3 led immediately to the understanding that its replication involves template-
directed synthesis. Each strand in the double helix serves as a template for the 
production of a new, complementary partner strand. Although the principle of 
DNA replication is simple, the mechanism by which it is carried out in the cell 
involves the intervention of a large number of enzymes and other proteins. The 
DNA molecule, nevertheless, carries all the information needed for its own 
replication, as the enzymes are produced from the information encoded within the 
DNA itself. 
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 Biological systems demonstrate that chemical replication is possible and reveal 
that template effects are key to its success. However, a number of fundamental 
questions remain. Can molecules replicate themselves efficiently without the aid of 
enzymes or external cofactors? Are nucleic acids unique in their ability to store and 
transmit information at a molecular level? During the last twenty years, chemists 
have devised4 numerous non-enzymatic synthetic self-replicating systems in an 
attempt to answer these questions. These chemical model systems have also been 
designed in order to elucidate the essential principles of molecular self-replication, 
to identify the minimal requirements, to better understand the scope and the 
limitations, and to translate the principles into synthetic systems. For the synthetic 
chemist, these systems represent the ultimate synthetic machine, capable of 
templating the production of a large number of perfect copies of themselves from a 
single original molecule. For the biologist, they represent a link with the origin of 
life5—their study can perhaps shed light on prebiotic chemical evolution. 
 
 
1.2 The chemistry of artificial replicators 
 
1.2.1 Replication models 
 
 In the most general sense, a replicator is a molecule, or an assembly of 
molecules, the rate of formation of which can be increased through the action of a 
template bearing recognition elements which are complementary to those on the 
replicator. At the simplest level, this template effect can operate in one of two 
ways. Firstly, the replicator can act as a catalyst for its own creation from simpler 
building blocks—a process known as minimal or self-replication. This model 
requires the replicator to be an autocatalyst and, therefore, it must template its own 
formation. The replicator preorganizes its precursors through molecular 
recognition in a defined spatial arrangement permitting the transfer of key 
structural information allowing it to template the formation of an exact copy of 
itself. The processes involved in minimal replication are encapsulated 
schematically in three possible reaction channels (Figure 1.1). 
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Figure 1.1 The minimal model of self-replication. Reagents A and B can react through 
three pathways—an uncatalysed bimolecular reaction, a recognition-
mediated autocatalytic cycle mediated by a ternary complex [ABT] and a 
recognition-mediated pathway mediated by a binary complex [AB]. The 
blue cartoons represent the reactive sites and the green cartoons represent the 
recognition sites. 
 
 The first channel is the uncatalysed bimolecular reaction between reagents A 
and B to afford the template T. A key requirement of the minimal model is that A 
and B bear complementary recognition sites (green cartoons in Figure 1.1) such that 
A and B can associate with each other to form a binary complex, [AB]. The 
presence of this complex opens a second reaction channel—the binary complex 
channel—in which A and B are preorganized with respect to each other and the 
reaction between them is pseudointramolecular. The product of this reaction 
channel is a closed template Tinactive in which the recognition used to assemble the 
binary complex lives on in the template. Thus, although rate acceleration is 
achieved by this mechanism, this template is usually inert catalytically. Under 
certain circumstances, and depending on the geometrical features and rigidity 
present in the molecular structure, Tinactive can interconvert to T. The third reaction 
channel available to the system is the autocatalytic cycle. In this channel, A and B 
bind reversibly to the open template T to form a catalytic ternary complex [ABT]. 
In a manner similar to the [AB] complex, the reaction between A and B is also 
rendered pseudointramolecular. Bond formation occurs between A and B to give 
the product duplex [TT], which then dissociates to return two molecules of T to 
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the start of the autocatalytic cycle. Thus, assuming the open template T presents its 
recognition sites in the correct orientation, it can act as a template for its own 
formation, transmitting molecular information through the formation of identical 
copies of itself. 
 Self-replication is therefore a subset of autocatalytic reactions. In an autocatalytic 
reaction, the product formed in the reaction mixture is a catalyst for the same 
reaction. A system in which self-replication is operating can be defined as an 
autocatalytic reaction capable of transmitting structural information. This 
information can be stored as constitution, configuration, or long-living 
conformation. Key design elements in this model of replication are minimization of 
(a) reaction flux through the binary complex reaction channel and (b) inefficient 
autocatalysis as a result of product inhibition arising from an excessively stable 
product duplex [TT]. 
 
 The model of self-replication discussed thus far involves self-complementary 
structures. However, template effects in a replication cycle can also operate in a 
reciprocal sense. The paradigm is DNA replication—the two strands of the double 
helix are not identical; one strand acts as a template for the formation of its 
complementary partner. The difference in template complementarity between 
minimal and reciprocal self-replication is a key distinction between these two types 
of system. In a minimal system, the template is self-complementary, whereas in a 
reciprocal system a pair of templates are complementary to each other. Therefore, 
reciprocal replicating systems rely on two interlinked crosscatalytic cycles in which 
the two templates catalyse the formation of each other. The processes involved in 
reciprocal replication are encapsulated schematically in Figure 1.2. 
 In these systems, compounds C and D can react to form the template TCD, and, 
similarly, compounds E and F can react to form template TEF. Since the four 
reactive partners bear appropriate recognition sites and since TCD and TEF are 
mutually complementary, TCD is capable of assembling E and F into the ternary 
complex [EFTCD]. This ternary complex intramolecularizes the reaction between E 
and F and, hence, catalyses the formation of TEF. Similarly, TEF is capable of 
assembling C and D into the ternary complex [CDTEF] and, hence, catalyses the 
formation of TCD. These two interlinked crosscatalytic cycles represent a formal 
reciprocal replication cycle. It is, however, important to note that the complexity of 
this system can increase dramatically depending on the nature of the chemical 
reaction which forms the two templates. In the case where the reaction between C 
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and D and the reaction between E and F are orthogonal, only one reciprocal 
replication cycle is present in the system. However, if C can react with E and D 
with F, four replication cycles are possible: two minimal replication cycles—TCE 
and TDF may self-replicate—and the original reciprocal replication cycle TCD  TEF 
and TEF  TCD. Additionally, the minimal replicators TCE and TDF may crosscatalyse  
the formation of each other. 
 
 
Figure 1.2 The reciprocal model of self-replication. Compounds C and D can react to 
form the template TCD, and, similarly, compounds E and F can react to form 
template TEF. TCD and TEF are mutually complementary. TCD is capable of 
assembling E and F into the ternary complex [EFTCD] which catalyses the 
formation of TEF. Similarly, TEF is capable of assembling C and D into the 
ternary complex [CDTEF] catalysing the formation of TCD. These two 
interlinked crosscatalytic cycles represent a formal reciprocal replication 
cycle. The blue cartoons represent the reactive sites and the green cartoons 
represent the recognition sites. 
 
1.2.2 Analysis of replicating systems 
 
Kinetic study 
 One of the biggest challenges which faces a researcher investigating replicating 
systems is the adequate characterization of all of the processes that occur in the 
system under study. For a minimal replicating system, during the initial stages of 
the reaction, the product T is formed relatively slowly through the bimolecular 
channel. Thus, the reaction will exhibit an induction or lag period. Once the 
concentration of T reaches a level that permits the formation of a significant 
amount of the catalytic ternary complex [ABT], the autocatalytic cycle begins to 
operate. Since each turn of the cycle doubles the amount of template present in 
solution, the product concentration should increase exponentially, before reaching 
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a plateau when all reactants are consumed. Thus, the concentration–time profile of 
a replicating system should, in principle, be a sigmoidal, or "S"-shaped, curve. 
Therefore, a thorough analysis of the kinetic behaviour of the system is essential to 
analyze a replicator fully. 
 
Control experiments 
 In order to demonstrate that the formation of a particular product is, indeed, the 
result of self-replicating behaviour, it is necessary to perform several control 
experiments. Firstly, it is necessary to identify a control compound which possesses 
the same chemical functionality as the building blocks of the replicator, but which 
is incapable of participating in any recognition-mediated processes. In practice, this 
control compound has usually its recognition site obstructed or removed. 
Measurement of kinetic data using this control compound provides a comparative 
baseline for all of the other studies. 
 Secondly, since the efficient operation of a self-replicating system hinges on the 
reversible binding events that occur during the autocatalytic cycle, it is important 
to demonstrate the reliance of the reaction on molecular recognition. Hence, the 
addition of a competitive inhibitor, which is unreactive but is capable of binding to 
the recognition sites present in A, B and T, to the reaction mixture will interfere 
with these crucial recognition processes. This interference will, in turn, disrupt the 
autocatalytic cycle resulting in a decrease in the rate of the reaction and/or its 
selectivity, often accompanied by disappearance of the sigmoidal curve. 
 The final, critical experiment that provides evidence that self-replication is 
operating within a system can be obtained by doping the reaction with the product 
T itself. The presence of pre-synthesized template T at the beginning of the reaction 
should result in a loss of the initial lag period in the rate profile for the reaction, 
providing evidence that the reaction is template-directed. However, it is important 
to point out that if the association constant of the product duplex is extremely high, 
adding template may not, in fact, add significant amounts of catalytically active 
free template to solution. 
 
Optimization 
 For a minimal replicator, the two recognition-mediated reaction channels—the 
autocatalytic cycle and the binary complex channel—accomplish the same goal, i.e. 
acceleration and regio- and/or stereocontrol of a chemical reaction. However, the 
binary complex channel does not involve any form of recognition-mediated 
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catalysis because the closed template Tinactive does not play any further role in the 
reaction process. By contrast, a self-replicating system is an attractive target as it 
offers its non-linear kinetic behaviour as a means of amplifying, in an exponential 
manner, a particular structure over others in the system.6 Therefore, the 
suppression, or ideally the eradication, of the binary complex route is an important 
parameter within the minimal model of self-replication that must be optimized to 
ensure an efficient system. 
 The second parameter that must be optimized is the catalytic efficiency within 
the ternary complex [ABT]. The template molecule T must accelerate the rate of 
reaction between the substrates A and B substantially compared with their rate of 
reaction in the absence of T. 
 The final requirement for efficient replication is the effective dissociation of the 
product duplex [TT]. Ideally, the duplex must be intrinsically less stable than the 
ternary complex [ABT]. This goal may be accomplished if a slight mismatch of 
the alignment of the recognition sites arises upon the formation of the new covalent 
bond(s). If the product duplex is extremely stable, it cannot dissociate and product 
inhibition arises. Hence, no new template is returned to the reaction and the 
autocatalytic cycle stalls. This situation raises the possibility of a self-replicating 
molecule that cannot complete the autocatalytic cycle. Such a system may be 
termed self-replicating because it constructs one copy of itself, but not 
autocatalytic, as it does not return significant amounts of free template to the 
reaction mixture. Thus, a self-replicating process is efficient when the binary 
complex channel is eradicated, and when a balance is found between effective 
binding of the substrates to the template and product release. 
 Two variables can be manipulated easily in order to optimize the reaction 
conditions—namely concentration and temperature. A decrease in concentration 
reduces the contribution from the background bimolecular channel (reducing the 
concentration by a half reduces the rate of the bimolecular reaction by 4×). The 
lowering of the reagent concentration therefore enhances the contribution from the 
recognition-mediated pathways. However, if the concentration drops below the Kd 
for the recognition process used to assemble the ternary complex, replication will 
effectively be shut down. A change of temperature does not simply alter the rate of 
chemical reaction. A reduction in the reaction temperature will increase the 
strength of binding (and thus facilitate the formation of product via recognition) 
and decrease the bimolecular rate. However, it will also increase the association 
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constant of the product duplex resulting in increased product inhibition. Therefore, 
concentration and temperature must be adjusted with caution. 
 
Kinetic simulation 
 Kinetic simulation of the behaviour of a replicator provides some insight into 
the various processes which operate in a replicating system. The fitting of 
experimental data to kinetic models allows the determination of important 
thermodynamic and kinetic parameters within the system including rate constants 
for reactions and equilibrium constants for recognition processes. A series of 
simplified kinetic models to describe the behaviour of artificial self-replicating 
systems were introduced7 in a seminal contribution to the field by von Kiedrowski. 
The simplest of these is a purely autocatalytic reaction (Figure 1.3) with a variable 
reaction order for the product—known as the autocatalytic reaction order p. The 
parameter p describes the autocatalytic behaviour of the system and determines the 
type of the autocatalytic growth curve. In real systems, its value is expected to lie 
between 0.5 and 1. At the two extremes, a value of p that is 0.5 denotes the fact that 
the self-replicating system obeys the "square root law". In this situation, the rate of 
dissociation of the template duplex [TT] is limiting overall. The concentration–
time profile of such reaction shows parabolic growth (Figure 1.3.a). However, if 
dissociation of the product duplex is not rate limiting, the value of p will tend to 1. 
In that case, the dissociation of the product duplex is rapid and the concentration–
time profile of the reaction shows exponential growth (Figure 1.3.b). The calculated 
concentration time profiles shown in Figure 1.3 demonstrate clearly that the change 
of the autocatalytic reaction order p produces a dramatic effect on the shape of the 
curves. It is worth noting that the maximum rate of reaction for a self-replicating 
system, parabolic or exponential, does not occur at t = 0. Instead, it occurs at some 
later point in the reaction and is associated with a particular concentration of T. 
These parameters can be accessed readily by exploiting a rate vs. time profile 
(dashed lines, Figure 1.3), which is simply the first derivative of the concentration 
vs. time profile. 
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A +B + pT
ka
! "! 1+ p( )T  (Eq. 1.1) 
(a) 
 
(b) 
 
Figure 1.3 Concentration vs. time (left y axis, solid curve) and rate vs. time (right y axis, 
dashed curve) profiles for (a) a reaction with an autocatalytic reaction order 
of 0.5 (p = 0.5) and (b) a reaction with an autocatalytic reaction order of 1 (p = 
1). Data taken from reference 7. 
 
 The curves of the concentration–time profiles shown in Figure 1.3 illustrate 
purely autocatalytic systems, which are rarely representative of real experimental 
systems. Figure 1.4 shows the corresponding growth curves when formation of 
template molecules through the bimolecular channel is taken into account. The 
autocatalytic efficiency ε, which is the ratio of the template-catalysed rate constant, 
ka, over the template-independent rate constant, kb, measures the relative 
contribution of the pathway involving T to the observed rate of reaction. A 
sigmoidal shape only becomes apparent in the concentration–time profile above a 
critical value of ε. Indeed, some experimental systems do not display sigmoidal 
production of the template even though an autocatalytic pathway is present within 
the system. 
 In practice, one of the easiest ways to discern whether a replicator is parabolic or 
exponential is to follow the formation of product T in the presence of three 
different amounts of preformed template at the start of the reaction (normally 
between 2 and 10% of the initial concentration of the precursors). Typically, the 
concentration of template added is doubled when proceeding to the next 
experiment. In the parabolic case, the initial rate of formation of T scales as 1:√2:√4 
upon addition of increasing amounts of T. In the exponential case, the initial rate of 
formation of T scales as 1:2:4. 
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A +B + pT
ka
! "! 1+ p( )T  (Eq. 1.2) 
  A +B kb! "! T  (Eq. 1.3) 
 
 
! = k
a
/ k
b
 (Eq. 1.4) 
(a) 
 
 
(b) 
 
Figure 1.4 Concentration vs. time profiles for reactions with a contribution to their rates 
from an autocatalytic pathway (ka) and a bimolecular pathway (kb). The 
parameter ε (ka/kb) measures the relative importance of the two channels to 
the observed rate. For a reaction (a) with an autocatalytic reaction order of 0.5 
(p = 0.5), increasing ε reveals a sigmoidal concentration vs. time profile with 
the point of inflection (maximal rate) convergent in time. For a reaction (b) 
with an autocatalytic reaction order of 1 (p = 1), increasing ε reveals a 
sigmoidal concentration vs. time profile with the point of inflection (maximal 
rate) which does not converge in time. 
 
 Often, the course of a reaction is followed by NMR spectroscopy, and so kinetic 
data for the system is usually based on the monitoring of NMR integrals. However, 
the changes in the observed chemical shifts for the various species present in 
solution during the course of the reaction are not taken into account. By contrast, 
thermodynamic parameters for the supramolecular complexes involved are usually 
derived from independent NMR titration experiments. Von Kiedrowski 
introduced8 a kinetic method ("kinetic NMR titration"), which combines analysis of 
integral and chemical shift changes, to harvest kinetic and thermodynamic 
information from the same experiment. 
 Reinhoudt and co-workers advocate9 the use of complete kinetic modelling. In 
their approach, numerical integration of a complete set of differential rate laws 
which describe all pathways, both reversible and irreversible, within the system is 
used to obtain detailed information about the relative importance of each potential 
reaction pathway. This approach has proven extremely useful in several cases. 
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1.2.3 Minimal replicating systems 
 
 The concept of non-enzymatic artificial self-replicating systems was established 
by von Kiedrowski in 1986 when he demonstrated that a palindromic 
hexadeoxynucleotide can catalyse10 its own formation from the self-complementary 
trinucleotide precursors 1 and 2 (Scheme 1.1). The 3'-phosphate group of trimer 1 is 
activated in situ by EDC, and trimer 2 bears a nucleophilic group at its 5'-terminus. 
Initial experiments did not reveal a sigmoidal curve for the production of 
hexadeoxynucleotide 3 (p = 0.48). Nevertheless, the observation of an increase in 
the rate of product synthesis when template is added initially, confirmed the 
autocatalytic contribution to the formation of template molecule. 
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Scheme 1.1 The palindromic hexadeoxynucleotide 3 is capable of templating its own 
formation from a nucleophilic trideoxynucleotide 1 and an electrophilic 
trideoxynucleotide 2. Reagent: EDC. 
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 Since this first demonstration, a considerable body of work has emerged on non-
enzymatic synthetic replicating systems, based either on nucleic acids,11 peptides12 
or small organic molecules. This chapter will mainly focus on the latter class of 
molecules, in light of the research carried out in this thesis. All replicating systems 
based on small organic molecules reported in the literature so far exploit one of 
these three types of covalent bond forming reactions: amide bond formation, imine 
production, and cycloaddition reactions. 
 
Amide bond formation 
 Self-replication in small organic molecules was first described13 by Rebek and 
co-workers in 1990. The Rebek laboratory developed14 systems based upon amide 
bond formation as the chemical ligation step. The recognition between the 
components of the system is driven by the hydrogen-bonding between an adenine 
derivative and a Kemp's triacid imide. The design of these complementary 
recognition sites is reminiscent of biological systems—the imide presents a 
hydrogen-bond pattern similar to that of thymine. The first system constructed by 
Rebek in which self-replication operates is shown in Scheme 1.2. 
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Scheme 1.2 The recognition between the Kemp's triacid imide in the activated ester 4 and 
the adenine base in 5 drives the formation of template 6 either through the 
binary complex [45] or through the corresponding [456] complex. 
Reagents: Et3N, CHCl3. 
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 Rebek demonstrated the importance of the size of the spacer within the ester 
building block; an early attempt15 incorporating a phenyl spacer, instead of a 
naphthyl spacer, failed, as a consequence of the resulting product remaining folded 
shut. In contrast, reaction between the activated pentafluorophenolate ester 4 and 
the amine 5 exhibits autocatalysis; seeding the reaction with prefabricated product 
6 accelerates its initial rate, although no sigmoidal curve is observed. The reaction 
proceeds significantly slower when the imide nitrogen is methylated, and when 
one equivalent of 2,6-bis(acylamino)pyridine is added to the reaction mixture as 
competitive inhibitor. This observation is evidence that the rate enhancement is the 
result of molecular recognition. Rebek concluded that template 6 can catalyse its 
own formation, but that the observation of a sigmoidal growth curve is hampered 
by the dominant presence of the [AB] complex pathway.16 An unfavourable cis 
amide 6' is formed with the [45] complex; the subsequent isomerisation to the 
more favourable trans linkage prevents the product retaining intramolecular 
hydrogen bonding and returns free template to the mixture. 
 Rebek restructured17 this system to render the [AB] pathway less important by 
replacing the naphthyl spacer with a longer biphenyl group in template 8 (Scheme 
1.3). This modification enforces the separation of ester 7 and bound amine 5 in the 
binary complex and this system does indeed exhibit a reaction profile with clear 
sigmoidal character. 
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Scheme 1.3 The longer biphenyl spacer present in activated ester 7, when compared to 
the naphthyl spacer present in 4 (Scheme 1.3), ensures that template 8 is 
formed principally by the reaction through the ternary complex [578] 
shown. 
 
 A further complexity present in the systems developed in the Rebek laboratory 
is the fact that recognition between the adenine and the imide, can occur either 
through the Watson–Crick or Hoogsteen binding modes. Rebek demonstrated18 
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that replicators with the adenine exocyclic amine monosubstituted are less efficient 
because they are limited to exploiting the Hoogsteen mode, and hence to a less 
favourable conformation. In order to eliminate the conformational complications 
from the binding of adenine in these two modes, Rebek and co-workers 
developed19 a second generation of replicators that incorporate a receptor able to 
chelate the purine through simultaneous Watson–Crick and Hoogsteen binding 
modes (Scheme 1.4). Rebek demonstrated that the reaction between activated ester 
9 and amine 5 is self-replicating. The reaction through an [AB] complex is ruled 
out by the biphenyl substituent on the carbazole 9, but the efficiency of this system 
is impaired by strong product inhibition. 
 
N
HN
O
R2
N
N N
N
N
H H
N
O
O
H
NH
O
N
O
O
H
Pr
Pr
Pr Pr
Pr
Pr
Watson-
Crick Hoogsteen
O
OC6F5
9   R2 =
O
OO
NH2
R1
5   R1 =
 
Scheme 1.4 A combination of Watson–Crick and Hoogsteen hydrogen bonding patterns 
permit the recognition of 5 by 9. 
 
 Rebek also developed another class of template-directed system utilizing20 a 
thymine/diaminotriazine recognition motif, based around a xanthene scaffold. 
Recombination21 between this system and replicator 8 produced hybrid templates. 
 
Imine bond formation 
 Contemporaneously with the amide-based systems reported by Rebek and co-
workers, von Kiedrowski described22 a series of systems (Scheme 1.5) based on the 
condensation between structurally simple amines and aldehydes. The amidinium-
carboxylate salt bridge is exploited as a substitute for base pairing. The synthesis of 
12 from amine 10 and aldehyde 11 is autocatalytic: the higher the initial 
concentration of 12 in the reaction mixture, the faster its formation. The 
condensation obeys the square root law for the autocatalytic contribution, and the 
autocatalytic efficiency, ε, is 16 M–1/2. The condensation of 11 and 13 (Scheme 1.5) 
also follows a square-root law. But interestingly, in the presence of the template 15, 
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the rate of the reaction depends linearly on the concentration of template 15. This 
first-order relationship indicates that product inhibition is not operative here. This 
result, although it originates from a crosscatalytic rather than an autocatalytic 
effect, suggests that self-replication with exponential autocatalysis is feasible in 
systems where the template forms a less stable complex with itself than with its 
precursors. 
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Scheme 1.5 A series of auto- and crosscatalytic templates can be formed by combinations 
of amines 10 and 13 with aldehyde 11 in d6-DMSO. 
 
 The condensation between an amine and an aldehyde is a reversible process. 
This fact has been exploited23 by Giuseppone in an attempt to couple dynamic 
covalent chemistry24 and replication, by exploiting a replicator based on the 
original Rebek design 6, but replacing the activated ester in 4 with an aldehyde. In 
this situation, the system forms a template duplex reversibly and they created a 
system capable of a process they term duplication. 
 Philp has also developed25 an imine-based replicator. Interestingly, the reduced 
template (amine) is also capable of accelerating the formation of the imine 
replicator through crosscatalysis. The development of a mild reduction method 
could ultimately allow the coupling of the autocatalytic system with the 
crosscatalytic system through an irreversible step. 
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Cycloaddition reactions 
 One of the issues with the use of condensation reactions in replicating systems is 
their susceptibility to catalysis by general acids and bases. The initial conditions of 
the reaction can therefore have an important influence on the outcome of the 
reaction and the inadvertent presence of such catalysts can mask the catalytic 
effects of recognition. Additionally, the attack of a nucleophile on a carbonyl group 
has a relatively large range26 of acceptable attack angles. Since one of the primary 
concerns in the design of a replicating system is the elimination of reaction through 
the binary complex, ideally one would wish to use a reaction that has a narrow 
reaction cross-section to facilitate the design process. In this respect, thermally-
allowed 4π + 2π cycloaddition reactions provide an ideal alternative for chemical 
ligation in artificial self-replicating systems. Such reactions have very strict 
stereoelectronic demands, requiring the orbitals at the ends of the interacting π 
systems to be aligned correctly and simultaneously. Additionally, and importantly, 
these reactions are usually not susceptible to catalysis by general acids and bases. 
 In 1997, Sutherland and Wang described27 a template-directed system (Scheme 
1.6) based on the Diels–Alder cycloaddition between diene 16 and maleimide 17. 
Recognition within this system is provided by the naphthyridine present in 16 and 
the 2-pyridone present in 17. The rate profile obtained for the production of 18 
displays a nearly exponential growth and kinetic analysis gave a value of p of 0.8. 
The treatment of the reaction with 10% of preformed template 18 shows the 
disappearance of the initial lag period, confirming that the reaction was template-
directed. However, some aspects in the analysis of this system are not addressed 
directly in the 1997 report. The stereochemistry of the cycloadduct 18 is assumed to 
be endo, but this assignment is not confirmed unambiguously although the data 
does indicate that only one diastereoisomer is formed. This system is complicated 
further by the presence of a stereogenic centre in the diene 16. The chiral diene is 
employed as a racemic mixture, thus many diastereoisomeric reaction pathways 
must exist. But again, no assignment of the stereochemistry of the templates found 
in the reaction mixture or quantification of any asymmetric induction that the 
recognition-mediated pathway induces over the independent bimolecular reaction 
pathway are presented. 
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Scheme 1.6 Diels–Alder cycloadduct 18 can assemble the chiral diene 16 and maleimide 
17 in a catalytically-active ternary complex in CD2Cl2. 
 
 In 2005, von Kiedrowski re-evaluated28 the Sutherland system with respect to its 
stereochemical features, by synthesizing variants of the Sutherland replicator 
(Scheme 1.7). The recognition elements were replaced by an amidopyridine and a 
carboxylic acid in order to increase the solubility of the system. The monitoring of 
the reactions indicated no evidence for the formation of exo cycloadducts. Kinetic 
analysis of these systems leads to p values of 0.89 for the reaction between rac-19 
and 20, and 0.9 for the reaction between rac-19 and 21. These data demonstrate that 
the von Kiedrowski variants are nearly exponential replicators and suggest that 
they are reasonable approximations of the Sutherland system. Studying the 
individual reactions between dienes (R)-19 and (S)-19 with maleimide 20 in the 
presence of 10% of template (R)-22 is instructive. Analysis of the concentration-time 
profiles demonstrates that (R)-22 can catalyse its own formation. Additionally, (R)-
22 can also catalyse the formation of (S)-22. The effect of the template is similar in 
both cases, indicating the presence of homochiral autocatalytic and heterochiral 
crosscatalytic channels. Kinetic modelling and fitting of reaction between diene 19 
and maleimide 20 suggests that homochiral and heterochiral duplexes are nearly 
equally populated. 
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Scheme 1.7 Diene rac-19 can react in CDCl3 with either maleimide 20 or maleimide 21 to 
form self-replicating templates 22 or 23. 
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 Philp and co-workers have employed the Diels–Alder reaction between 
maleimides and furans to create a series of potential replicators which are close 
structural analogues of the von Kiedrowski cyclohexadiene system. The reaction 
between a maleimide and a furan affords two diastereoisomeric products—the endo 
cycloadduct and the exo cycloadduct. Philp has studied extensively the subtle 
interplay between molecular structure and replication efficiency through 
comparative analyses of families of potential self-replicators involving this reaction 
as covalent bond forming step. The association between amidopicolines and 
carboxylic acids was chosen as the means of non-covalently associating the 
constituent building blocks. The amidopicoline functionality was connected29 to the 
furan and the carboxylic acid functionality to the maleimides (Figure 1.5). 
Methylene or bismethylene chains were utilized to connect the recognition sites to 
the reaction sites. Thus, the structural variation inherent in this system affords 
three sites of variability: the number of methylene spacers between the recognition 
sites and the reactive sites (m and n, Figure 1.5), and the location of the spacer on 
the furan ring—either 2- or 3-substitution. Pairwise combination of each of the 
dienes with each of the dienophiles gives rise to eight distinct systems—labelled I 
to VIII in Figure 1.5. In order to establish which recognition-mediated pathway is 
dominant in each system, the rate of reactions between pairwise combinations of 
maleimides and furans was measured along with the appropriate additional 
experiments. The dominant kinetic behaviours of each potential replicator are 
summarized in Figure 1.5. The diastereoisomeric pairs of endo and exo cycloadducts 
possess dissimilar geometries. Since the three-dimensional structure of each 
diastereoisomer determines its replicating capacity, this difference determines the 
recognition-mediated channel adopted. The data collected within these eight 
systems suggest that, given sufficient conformational freedom, the most likely 
recognition-mediated pathway for reaction is that involving the binary complex. 
The preference of the exo diastereoisomer in the case of 2-substituted furans, and of 
the endo for the 3-substituted furans is based on steric effects associated with the 
ring substituent. In order to generate autocatalysis, the conformational freedom 
must be restricted and the template must be forced to adopt an open conformation, 
to ensure that the undesirable pathway is shut down. This effect can be 
accomplished by using short and/or rigid spacers of mismatched length on the two 
building blocks. 
 
1.  Introduction 19 
 
O
OH
N
O
O
N
H
O
N
N N
H
O
m
N
CO2H
O
O
O
n N N
H
O
m
N
H
H
CO2H
O
O
O
n
m = 1
n = 1
n = 2
endo: SR
exo: SR
m = 2 m = 1
n = 1
n = 2
m = 2
endo: AB
exo: NR
endo: AB
exo: —
endo: AB
exo: AB
endo: —
exo: AB
endo: NR
exo: AB
—
endo: SR
exo: AB
O
N
H
O
N O
m m
n
VIII
VII
VI
V
II
I
IV
III
H
H
 
Figure 1.5 The combination of furan derivatives bearing an amidopyridine recognition 
site with maleimides bearing a carboxylic acid recognition site affords eight 
sets of potential replicators (systems I through VIII). The Diels–Alder 
reaction between the furan and maleimide give rise to two diastereoisomeric 
templates (endo and exo) in each system. The recognition-mediated reactivity 
in CDCl3 at 35 °C for each system is noted as follows: SR = self-replicating; 
AB = reaction through binary complex ([AB]) channel; NR = no recognition-
mediated reactivity observed; – = no significant conversion under the 
reaction conditions employed. 
 
 The comparison of this first series with a second series in which30 the acid 
recognition site is located on the diene and the amidopyridine recognition site on 
the dienophile is instructive. The dominant kinetic behaviours of each of the 
potential replicators are summarized in Figure 1.6. It is clear from the data 
presented in Figure 1.6 that in three of the four systems based on 3-substituted 
furans (systems X, XI and XII), both diastereoisomers are capable of synthesizing 
themselves through the autocatalytic pathway. In general, the endo cycloadducts 
are slightly more efficient templates than the exo cycloadducts. In the case of 
system IX, the system displays no recognition-mediated reactivity at all. A 
dramatic change in behaviour is brought about by the replacement of the diene 
system 3-alkylfuran with 2-alkylfuran to create systems XIII through XVI. In this 
second group, significant recognition-mediated reactivity is limited to the exo 
cycloadducts of systems XV and XVI and occurs exclusively through the binary 
reactive complex. The contrast between system XI and system XIV is striking. 
These two systems are constitutional isomers differing only in the position of 
substitution on the furan ring. However, whilst in system XI both diastereoisomers 
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are rather efficient replicators, system XIV shows no recognition-mediated 
reactivity at all. This observation serves to emphasize the point that the structural 
window in which replication can be observed is rather narrow. 
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Figure 1.6 The combination of maleimides bearing an amidopyridine recognition site 
with furan derivatives bearing a carboxylic acid recognition site affords eight 
sets of potential replicators (systems IX through XVI). The Diels–Alder 
reaction between the furan and maleimide give rise to two diastereoisomeric 
templates (endo and exo) in each system. The recognition-mediated reactivity 
in CDCl3 at 35 °C for each system is noted as follows: SR = self-replicating; 
AB = reaction through binary complex ([AB]) channel; NR = no recognition-
mediated reactivity observed; – = no significant conversion under the 
reaction conditions employed. 
 
 Another class of cycloaddition reactions that has been exploited successfully in 
the creation of replicating systems is the reaction between a 4π 1,3-dipole and a 2π 
dipolarophile. In 2002, Philp reported31 a structurally simple self-replicating system 
(Scheme 1.8) that exploits the dipolar cycloaddition reaction between maleimide 20 
and azide 24, and the recognition between two hydrogen-bonding sites, namely an 
amidopyridine and a carboxylic acid. This design is based upon a structurally 
related system that is capable32 of accelerating the cycloaddition reaction between 
azide 24 and a maleimide with a longer spacer through an [AB] pathway. It was 
thought that by reducing the alkyl spacer within the maleimide building block, the 
reactive centres would be too far apart to react. This modification inactivated the 
binary complex channel, but altered the reaction pathway to a self-replicating cycle 
effectively only with concomitant reduction of temperature and concentration. 
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Kinetic simulation affords values of p and ε of 0.40 and 20, respectively. These data 
suggests that dissociation of the [2525] duplex is limiting in this system. Evidence 
for the stability of the [2525] duplex comes from its behaviour in the solid state, 
because it crystallizes as a homodimer. A series of control experiments and kinetic 
modelling demonstrate that this system is relatively inefficient and has a weak 
replicating behaviour. Thus, the reaction between azide 24 and maleimide 20 is 
self-replicating—the template 25 is capable of assembling 20 and 24 and 
accelerating the reaction between them—but not autocatalytic, as the stability of 
the duplex prevents turnover. 
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Scheme 1.8 Template 25 can assemble maleimide 20 and azide 24 in CDCl3 at 30 °C and 
accelerate the reaction between them. 
 
 The diastereoisomeric adducts formed by 1,3-dipolar cycloaddition between 
maleimides and nitrones provide scope for the investigation of stereochemical 
information transfer during the replication process. This reaction furnishes pairs of 
racemic diastereoisomeric cycloadducts—labelled trans and cis—depending on the 
relative orientation of the nitrone and the maleimide. Symmetrical dipolarophiles 
are utilized to avoid further complications with regioselectivity issues. These two 
products have markedly different geometries. The trans diastereoisomer has an 
open geometry compatible with acceleration through the ternary complex and the 
cis diastereoisomer has a closed geometry compatible with acceleration through the 
[AB] complex channel. Philp has investigated the effect that recognition-mediated 
processes have upon this reaction. The 1,3-dipolar cycloaddition33 between nitrone 
26 and the methyl ester of maleimide 20 is slow and reasonably unselective 
(trans/cis ratio = 3:1) in CDCl3 at 10 °C. However, when the same reaction is 
performed with the acid maleimide 20 (Scheme 1.9), both the rate and the 
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selectivity (trans/cis ratio = 6:1) of the reaction are increased. The formation of the 
major isoxazolidine trans-27 displays a sigmoidal rate profile, indicative of a self-
replicating system. The addition of presynthesised template trans-27 at the 
beginning of the reaction enhances the formation of trans-27, and not cis-27, with 
concomitant disappearance of the initial lag period, resulting in an improved 
trans/cis ratio of 9:1. By contrast, the addition of pre-synthesized template cis-27 at 
the beginning of the reaction has no effect on the rate of production of either trans-
27 or cis-27. The properties of this system demonstrate that only one of the two 
diastereoisomeric products of the cycloaddition reaction is capable of self-
replication, acting as an efficient template for its own formation. Isoxazolidine 
trans-27 transmits its stereochemical information effectively to the forming 
template copy within the [2026trans-27] ternary complex. This diastereoisomer is 
acting as a selfish autocatalyst, enhancing the rate of formation of itself, but not its 
corresponding diastereoisomer. Isoxazolidine cis-27 is inactive in both an 
autocatalytic and in a crosscatalytic sense. Fitting of experimental data affords 
values of p and ε of 0.9 and 5000, respectively. These results indicate that 
dissociation of the product duplex is not limiting and therefore the turnover in the 
autocatalytic cycle is relatively efficient. 
 Even though this self-replicating system exhibits relatively efficient 
autocatalysis, the levels of amplification achieved are modest. Philp optimized34 the 
performance of this system by modifying the nitrone substitution pattern and the 
identity of the maleimide. Only one of the two possible products of the reaction 
between nitrone 29 and maleimide 28 (Scheme 1.10) is selectively and highly 
amplified using a replication strategy. This reaction reaches more than 85% overall 
conversion after 16 hours, and the diastereoselectivity is 115:1 in favour of 
isoxazolidine trans-30, whose rate of formation possesses a characteristic sigmoidal. 
By contrast, in the control reaction between nitrone 29 and the methyl ester of 28, in 
which the carboxylic acid recognition site is blocked, the overall conversion is only 
9% and the diastereoselectivity only 3:1. The reaction between 29 and 28 in the 
presence of two equivalents of benzoic acid results in a significant decrease both in 
the rate of the reaction and the diastereoselectivity (the final trans/cis ratio drops to 
17:1), demonstrating that the formation of the cycloadduct trans-30 is recognition-
mediated. The injection of 10 mol% of trans-30 at the start of the reaction between 
29 and 28 results in an increase in the initial rate of formation of trans-30 (the 
trans/cis ratio is now at least 250:1), and, thus, demonstrates that trans-30 is capable 
of templating and accelerating its own formation. By contrast, the addition of 10% 
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of cis-30 to the reaction mixture has no effect on the rate profile. These observations 
show that the template trans-30 is amplified selectively through an autocatalytic 
self-replicating cycle. The contribution of cis-30 can even be removed by reducing 
the concentration of the reagents at the start of the reaction. Initial concentrations of 
15 mM result in a trans/cis ratio of 135:1, and of 5 mM in a 250:1 ratio. Electronic 
structure calculations suggest (Scheme 1.10) that the two cycloadducts have very 
different geometries. Isoxazolidine trans-30 has an open structure in which the two 
recognition sites are freely available to interact with other complementary species 
in solution. By contrast, the structure of cis-30 is folded such that the recognition 
sites are placed in proximity to each other, thus rendering this product inert in a 
catalytic sense. It is clear that the major pathway for the formation of cis-30 is 
simply the bimolecular reaction between 28 and 29. 
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Scheme 1.9 Reaction of nitrone 26 with maleimide 20 in CDCl3 at 10 °C gives rise to two 
diastereoisomeric cycloadducts—cis-27 and trans-27. While cis-27 does not 
exhibit appreciable recognition-mediated reactivity, the formation of trans-27 
operates through an autocatalytic cycle. 
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Scheme 1.10 Reaction of nitrone 29 with maleimide 28 in CDCl3 at –10 °C can potentially 
give rise to two diastereoisomeric cycloadducts—cis-30 and trans-30. 
However, the efficient operation of the autocatalytic cycle mediated by the 
ternary complex [2829trans-30] in this system ensures that trans-30 is 
formed almost exclusively. Ball-and-stick structures represent electronic 
structures calculations. 
 
1.2.4 Reciprocal replicating systems 
 
 Despite the progress made in the design and implementation of minimal 
replicating systems, reports of reciprocal replicating systems are rather sparse. 
Rebek and co-workers developed35 a replication cycle in which template effects 
operate in a reciprocal sense. It consists of a set of two reactions, in which the 
product of one reaction is a template for the other using building blocks 
incorporating recognition motifs based on the binding of adenine derivatives by 
carbazolediimide receptors, and bearing reactive functions for amide bond 
formation. However, investigation of the full system to determine the relative 
efficiencies of reciprocal replicators and minimal replicators was not possible, as a 
result of the products formed by the alternate combinations (potential minimal 
replicators) remaining folded shut. 
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Scheme 1.11 Template trans-32 can assemble maleimide 28 and furan 31 into a 
crosscatalytic ternary complex [2831trans-32] in which the Diels–Alder 
reaction between 28 and 31, forming template 33, is accelerated. The trans 
diastereoisomer of template 32 accelerates the formation of the exo 
diastereoisomer of template 33 selectively. Similarly, template exo-33 can 
assemble nitrone 29 and maleimide 34 into a crosscatalytic ternary complex 
[2934trans-33] in which the 1,3-dipolar cycloaddition reaction between 29 
and 34, forming template 32 is accelerated. The exo diastereoisomer of 
template 33 accelerates the formation of the trans diastereoisomer of template 
33 selectively, completing a formal reciprocal replicating cycle. Combination 
of 29 with 28 and 31 with 34 gives rise to two minimal replicating templates 
30 and 35. In experiments where 28, 29, 31 and 34 are mixed in CDCl3 at 25 
°C, template trans-30 is the dominant product. 
 
 The Philp laboratory has also developed36 a system consisting of two mutually-
complementary templates capable of catalysing the formation of each other. In 
contrast to the system reported by Rebek and co-workers, the templates involved 
are formed as pairs of diastereoisomers, allowing the study of information transfer 
between the templates (Scheme 1.11). The addition of template trans-32 to the 
Diels–Alder reaction between maleimide 28 and furan 31 results in an increase in 
the rate of formation of exo-33 by 2.3-fold and a smaller increase in the rate of 
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formation of endo-33 of 1.5-fold. The exo/endo ratio rises from 1.3:1 for the 
uncatalysed reaction to 2:1 for the templated one. The addition of the 
diastereoisomeric template cis-32 accelerates only slightly the formation of both 
exo-33 and endo-33. Similarly, the addition of exo-33 to the 1,3-dipolar cycloaddition 
between nitrone 29 and maleimide 34 results in an increase in the rate of formation 
of trans-32 of 3.6-fold and a two-fold reduction in the rate of formation of cis-32. 
These changes generate a enhancement of the trans/cis ratio for the production of 
template 32 from 3:1 to 14:1. However, template endo-33 accelerates neither the 
formation of trans-32 nor cis-32. These results clearly show that reciprocal template 
effects operate between trans-32 and exo-33. Alternative combinations of the 
building blocks give rise to the minimal replicators 30 (Scheme 1.10) and 35 (system 
XI, Figure 1.6). Mixing all of the four building blocks 28, 29, 31 and 34 in a single 
reaction affords a product mixture in which trans-30 is the dominant species. 
 
1.2.5 Perspective 
 
 Chemists have devised a wide range of synthetic chemical systems in which 
self-replication operates, demonstrating that molecules can replicate themselves 
without the aid of enzymes and that self-replication is not a prerogative of nucleic 
acids only. Self-replication is no longer an enigmatic process considered as 
exclusive to living matter. The development of models for studying self-replication 
has also demonstrated the principles by which chemical information can be 
transmitted and amplified. 
 All synthetic replicating systems reported to date utilise bifunctional precursor 
subunits that incorporate mutually complementary recognition elements and 
reactive functionalities. These features have been combined to engineer linear self-
complementary platforms capable of autocatalytic self-propagation through the 
mechanism illustrated in Figure 1.1. However, the coupling of replication to other 
recognition-mediated events and its exploitation in the amplification of large 
supramolecular assemblies, such as mechanically interlocked molecules, have 
remained unexplored areas. 
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1.3 Interlocked molecules 
 
1.3.1 Chemical topology 
 
 Among the rich and diverse library of supramolecular architectures that have 
been made possible by the exploitation of self-assembly techniques are 
mechanically interlocked molecules.37 A fascinating aspect of their architectures is 
their structure that marries38 topology with chemistry. Interlocked molecules 
consist of two or more components that are held together as a consequence of 
mechanical linking rather than by covalent bonds. The species they are composed 
of are connected to each other, not via chemical bonds but rather they are threaded 
through or around one another to form a single entity. The assemblies are often, 
but not always, supported by supramolecular interactions between the individual, 
covalent components. Strictly speaking, these structures are, however, true 
molecules and not supramolecular species, as these entities can only be separated 
by breaking a covalent bond. 
 The two archetypal examples of mechanically interlocked molecules are 
rotaxanes and catenanes. Rotaxanes (from the Latin rota meaning "wheel", and axis 
meaning "axle") consist of a linear molecule threaded through at least one 
macrocycle and having end-groups large enough to prevent dethreading. 
Catenanes (from the Latin catena meaning "chain") consist of two or more 
mechanically interlocked macrocycles. A common retrosynthetic disconnection 
shared by [2]rotaxane and [2]catenane implies (Figure 1.7) a [2]pseudorotaxane 
precursor, which consists of a linear molecule threaded through a macrocyclic one. 
A pseudorotaxane can also be defined as a rotaxane-like molecular assembly in 
which the threading component has ends small enough to permit threading or 
dethreading of the macrocyclic molecule. Post-assembly modification of the 
[2]pseudorotaxane results either in the formation of a [2]rotaxane (through end-
capping the linear component) or in the formation of a [2]catenane (through 
macrocyclization of the linear component). It is worth specifying that a 
pseudorotaxane is a supramolecular complex (unlike rotaxanes and catenanes), as 
its constituents are free to dissociate into separate molecular species; there is no 
mechanical bond to maintain the system's integrity. 
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Figure 1.7 Schematic representation of the synthesis of a [2]rotaxane and of a 
[2]catenane. 
 
 The nomenclature39 employed with interlocked molecules involves placing in 
square brackets the total number of mechanically interlocked components before 
the name of the compounds. 
 Rotaxane and catenanes represent the forerunners of an ever-expanding family 
of more intricate assemblies. Among them are the trefoil knots40 (single thread 
interlocked with itself), the Solomon knots41 (doubly interlocked catenanes), the 
pretzelanes42 (bridged catenanes) and the borromean rings43 (three noncatenated 
yet mutually interlocked rings). For the remainder of this introduction, focus will 
be put on [2]rotaxanes because they embody the interlocked molecular 
architectures chosen to integrate replication processes. 
 
1.3.2 Methods of rotaxane formation 
 
 Three strategies exist in order to synthesise rotaxanes. In the "clipping" method 
(Figure 1.8.a), the macrocycle is assembled around the preformed dumbbell-shaped 
component through cyclization of an acyclic precursor. The "threading-and-
stoppering" strategy (Figure 1.8.b) relies on the association of a linear guest 
through a macrocyclic component. The resulting assembly (pseudorotaxane) is 
then trapped mechanically by covalent attachment of two blocking groups which 
are of sufficient size to prevent the dissociation of the macrocycle from the 
dumbbell component. Instead of this double-stoppering approach, a variant 
stepwise approach can be used: (1) attachment of a first stopper to the thread, 
followed by (2) the threading reaction, and, finally, (3) fixation of the second 
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stopper to the thread. The "slippage" strategy (Figure 1.8.c) exploits the size-
complementarity between the macrocycle and the stoppers. The preformed 
dumbbell and macrocycle are heated together in order to slip the macrocycle past 
the bulky stoppers to produce the thermodynamically favoured rotaxane. 
 
 
Figure 1.8 Kinetic approaches to the formation of [2]rotaxane: (a) clipping, (b) 
threading-and-stoppering and (c) slippage. 
 
 The first synthesis of a [2]rotaxane was reported44 by Harrison and Harrison in 
1967. The early syntheses45 of rotaxanes were based mainly on statistical methods 
or on directed methodologies. The drawbacks of these approaches are the reliance 
on the chance interlocking of components for the former and the necessity of 
complex multi-step syntheses for the latter. As a consequence these methods are 
low yielding. 
 However, a paradigm shift occurred in the early 1980s when chemical topology 
was combined46 with supramolecular chemistry. The judicious exploitation of the 
concepts of supramolecular chemistry, such as self-assembly47 and templation,48 
has revolutionized the design and the synthesis of topologically complex 
molecules. Access was given to architectures that otherwise would have been 
considered impossible to construct using traditional covalent chemistry. These 
structures became supreme targets for chemical synthesis of nonnatural products. 
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1.3.3 Templated syntheses of [2]rotaxanes 
 
 Template-directed synthesis employs non-covalent intermolecular interactions 
between precursors to hold them in a favourable orientation for the final formation 
of covalent bonds. A variety of non-covalent interactions can be employed to 
template the formation of rotaxanes,49 such as metal-ligand interactions, π-π 
stacking, hydrogen bonding and hydrophobic interactions. 
 
Transition metal 
 Sauvage pioneered the combination of topology with templation when he 
reported50 in 1983 the first templated and high-yielding synthesis of a catenane. His 
approach was based on the use of a transition metal—copper(I)—as temporary 
template around which the molecular threads entwine. Transition metals have the 
ability to coordinate organic ligands in a geometrically precise fashion, hence fixing 
molecular fragments in three-dimensional space such that they are predisposed to 
form mechanically interlocked architectures through macrocyclization or 
stoppering reactions. In 1991, Gibson applied51 this method to the synthesis of a 
rotaxane (Scheme 1.12). The copper(I)-directed threading of 36 through the 
presynthesised macrocycle 37 results in the formation of complex 38, in which the 
phenanthroline organic fragments incorporated in both the thread and the 
macrocycle are coordinated perpendicularly to one another around a tetrahedral 
copper(I) centre. Double-stoppering reaction followed by demetalation produces 
the rotaxane 40. A variety52 of other transition metals have been employed to 
template the formation of rotaxanes, including ruthenium,53 palladium54 and gold.55 
 Most metal-templated approaches to rotaxane synthesis require at least 
stoichiometric quantities of the metal, which often involves strong binding motifs 
that live on in the mechanically interlocked molecule that is formed. Besides 
holding the reactive fragments in an orientation that directs interlocking, the metal 
is generally otherwise passive during the reaction. Leigh developed a rotaxane-
forming protocol in which the metal functions both as a template for entwining the 
precursors and as a catalyst for covalent bond formation that assembles the 
dumbbell. A permanent coordination site is only needed on the macrocycle, where 
the metal holds the fragments in position such that their catalysed reaction leads to 
the desired interlocked product. The metal turns over during the reaction, 
permitting substoichiometric amounts to be used. This approach has been applied 
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to form rotaxanes based on copper-catalysed azide–alkyne 1,3-cycloaddition56 and 
palladium-catalysed C–C coupling reactions.57 
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Scheme 1.12 Synthesis of a rotaxane by the threading-and-stoppering methodology 
employing copper(I) to template its formation. Reagents and yields: (a) 
Cu(MeCN)4+BF4–; (b) 1. K2CO3, 2. Amberlite-CN, 42%. 
 
π  Donor-acceptor 
 In order to form interlocked molecules without the aid of an auxiliary, the 
components of the potentially interlocked structure must exhibit mutual attraction 
for each other (molecular recognition). Stoddart's discovery58 of the ability of 
bisparaphenylene-34-crown-10 (a dibenzo-crown ether) to form an inclusion 
complex with the paraquat dication led59 in 1989 to the first synthesis of a catenane 
utilizing the templating effects of charged π-donor/π-acceptor non-covalent 
bonding interactions. In 1992, Stoddart exploited60 this recognition motif for the 
construction of a rotaxane (Scheme 1.13). The reaction between preformed thread 
41, dicationic compound 42 and p-xylylene dibromide 43 afforded rotaxane 44, the 
macrocycle being assembled around the dumbbell component by the clipping 
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method. The preparation of this rotaxane takes advantage of the strong binding 
affinity between the charged π-electron-deficient bipyridinium-based tetracationic 
cyclophane and the π-electron-rich hydroquinone moiety incorporated into the 
thread. This complexation is driven by π-π stacking and charge-transfer 
interactions, as well as by C–HO hydrogen bonding. Other π-donors, that have 
been utilized in the construction of rotaxanes, able to recognize bipyridinium units 
include 1,5-dioxynaphthalene 46 and tetrathiafulvalene 47 derivatives (Figure 1.9). 
The rotaxanes can incorporate either the electron-rich or the electron-deficient 
aromatic units into the dumbbell component, with the complementary aromatic 
units located in the macrocycle. 
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Scheme 1.13 Synthesis of a rotaxane by the clipping methodology employing charged π-
donor/π-acceptor interaction to template its formation. Reagents and yield: 
(a) AgPF6, MeCN, 14%. 
 
 In addition to charged π-stacking systems, Sanders has reported61 that neutral π-
stacking motifs can be utilized for the construction of rotaxanes. The neutral π-
stacking motifs that involve π-electron-deficient diimides (such as pyromellitimide 
49 and naphthodiimide 50, Figure 1.9) and π-electron-rich aromatic ethers (such as 
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46 derivative) self-assemble to give charge-transfer complexes. Severin discovered 
another neutral π-stacking moiety, the 1,2-di(4-pyridyl)ethylene motif rendered 
electron deficient due to coordination to Lewis acidic boronic esters, that can be 
exploited to form62 rotaxanes. 
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Figure 1.9 Some examples of π-electron acceptors and π-electron donors. 
 
Hydrogen bonding 
 The elaboration of rotaxanes can also be mediated by another type of non-
covalent interaction, namely hydrogen bonding.63 Three major classes of templates 
involving hydrogen bonds can be distinguished: (1) cationic templates,64 (2) neutral 
templates65 and (3) anionic templates.66 
 Stoddart67 and Busch68 discovered independently in 1995 that appropriately-
sized crown ethers can bind secondary dialkylammonium cations R2NH2+ in a 
threaded, rather than a face-to-face manner (which occurs with primary 
dialkylammonium cations). Stoddart then reported69 the synthesis of a [2]rotaxane 
(Scheme 1.14), exploiting the cation-mediated template effect that involves 
hydrogen bonding between secondary ammonium ions and crown ethers; this 
synthesis involves a threading-and-stoppering approach. Dibenzo[24]crown-8 52 
self-assembles with ammonium-containing bisazide 51 in a threaded manner to 
form pseudorotaxane [5152], that is stabilised primarily as a result of N+–HO 
and C–HO hydrogen bonds, supplemented with π–π stacking interactions. After 
adding an excess of di-tert-butylacetylenedicarboxylate 53 and heating the reaction 
mixture, 1,3-dipolar cycloaddition between the azides and the electron-deficient 
alkyne occurs, affording rotaxane 54. 
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Scheme 1.14 Synthesis of a rotaxane by the threading-and-stoppering methodology 
employing an ammonium ion to template its formation. Reagents and yield: 
(a) CH2Cl2, then (b), 31%. 
 
 Loeb found70 another cationic motif, the 1,2-bis(pyridinium)ethane dication, 
capable of self-assembling with macrocycle 52 to form [2]pseudorotaxane. The 
complex is held together by two modes of attractive interactions, N+CH2O 
hydrogen bonding and N+O ion-dipole interactions. This finding has been 
utilized to prepare71 rotaxanes. 
 Neutral, hydrogen-bonded templates for the synthesis of interlocked molecules 
are based on the ability of amides to form hydrogen bonds to each other. Hunter72  
and Vögtle73 separately reported the first amide-based catenanes in 1992. 
Subsequently, in 1995, Vögtle published74 the template synthesis of the first amide-
based rotaxane, exploiting the recognition of amides by an oligolactam macrocycle 
through hydrogen bonds (Scheme 1.15). Dissolution of  isophthaloyl chloride 55 
with macrocycle 56 leads to intermediate [5556], held in place by N–HO=C 
hydrogen bonds. Reaction with (4-aminophenyl)triphenylmethane 57, which acts 
as blocking group, results in mechanical bond formation. 
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Scheme 1.15 Synthesis of a rotaxane by the threading-and-stoppering methodology 
exploiting the recognition between amides through hydrogen bonds to 
template its formation. Reagents and yield: (a) CH2Cl2, then (b) Et3N, CH2Cl2, 
11%. 
 
 A few years after Hunter and Vögtle, Leigh also reported75 the synthesis of an 
amide-base catenane, which is similar to the one reported by them but structurally 
simpler. Leigh employed then the same hydrogen bonding-induced 
macrocyclization strategy to construct76 rotaxanes by clipping. An exceptionally 
efficient synthesis developed77 is depicted in Scheme 1.16. The rotaxane 62 is 
formed by the clipping methodology whereby the macrocycle component 
assembles around a preformed thread molecule 59. When the acid chloride 60 and 
diamine 61 are combined, amide bonds begin to form between them. When the 
thread 59 is present, the newly formed amide-containing fragments wrap 
themselves around it forming the maximum number of hydrogen bonds to stabilise 
the structure. This encourages an intramolecular reaction between two ends of the 
same fragment to form a macrocycle which is locked around the thread. The 
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rotaxane 62 is produced in 97% yield, which is remarkably high for a five-
component reaction. 
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Scheme 1.16 Synthesis of a rotaxane by the clipping methodology exploiting the 
recognition between amides through hydrogen bonds to template its 
formation. Reagents and yield: (a) Et3N, CHCl3, 97%. 
 
 The third class of templates involving hydrogen bonds utilized to form 
rotaxanes are anion templates. Vögtle introduced78 in 1999 the use of phenoxy 
anion templates to direct the synthesis of rotaxanes. He showed that macrocyclic 
lactam 56 is a good acceptor for bulky phenolate as a result of forming N–HO– 
hydrogen bonds. The complex is open to the attack of the electrophile from the side 
of the macrocycle opposite to the stopper; subsequent stoppering reaction affords 
rotaxane. The phenolate oxygen acts thus both as nucleophile and as assembly-
directing anionic agent. However, in the case of less bulky stoppers, the complex is 
open from both sides. Moreover, depending on the conformation of the 
macrocycle, the phenolate oxygen is buried inside the wheel's cavity and thus 
protected against attack of the semi-axle. In order to solve these problems, Schalley 
designed79 a modified thread in which the only role of the phenolate anion is to 
direct the assembly of the pseudorotaxane precursors; subsequent covalent 
attachment of two stoppers locks the assembly. A drawback of anion recognition-
directed methodologies is the potential formation of tight ion pair between metal 
cation and the phenolate, reducing its reactivity and inhibiting its binding to the 
macrocycle. Smith developed80 macrobicyclic wheels composed of a cation-binding 
macrocycle and an anion-binding bridge. The anion-binding bridge allows 
rotaxanes to be prepared using Vögtle anion-templated methodology; the wheel 
component binds metal cations which in turn can influence the rotaxane’s dynamic 
processes. Smith also reported81 the synthesis of a rotaxane through hydrogen 
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bonding to anions by the clipping methodology. More precisely the macroycle 
assembles around a squaraine thread, which acts as a template by virtue of its 
negatively charged oxygen atoms. 
 In the above examples, negatively charged groups are covalently attached parts 
of the assembling structures. Beer introduced82 the use of discrete anions as 
interpenetrating templates to direct the synthesis of rotaxanes (Scheme 1.17), in 
analogy with what has been achieved with metal templates by Sauvage. 
Pyridinium chloride thread 64, already equipped with large stoppers, associates 
with macrocycle precursor 63 by virtue of the chloride anion template. The chloride 
ion is tetrahedrally surrounded by amide NH groups and the perpendicular 
geometry is locked in by additional C–HO hydrogen bonds. Olefin metathesis is 
used to close the bislactam/crown ether hybrid macrocycle, affording rotaxane 66 
after subsequent anion exchange. 
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Scheme 1.17 Synthesis of a rotaxane by the clipping methodology employing an anion to 
template its formation. Reagents and yields: (a) CH2Cl2, then (b) 1. Grubb's 
catalyst, 47%, 2. AgPF6, CH2Cl2, 90%. 
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Hydrophobic 
 Hydrophobic binding is an alternative way of directing the formation of 
rotaxanes, in the case of systems sufficiently soluble in water. Promoting threading 
by the hydrophobic effect does not require a specific binding site to be built into 
the thread; it suffices the thread to be hydrophobic. The macrocycle needs a 
hydrophobic interior to accommodate the guest, and a hydrophilic exterior to 
render it water-soluble. The main type of amphiphilic macrocycles used in 
rotaxanes whose formation has been promoted by the hydrophobic effect are 
cyclodextrins.83 Ogino reported84 in 1981 a seminal work on rotaxanes 
incorporating a cyclodextrin as ring component. Anderson employed85 another 
type of water-soluble macrocycles with hydrophobic cavities to direct rotaxane 
formation, namely cyclophanes. 
 
1.3.4 Thermodynamic approaches to the synthesis of rotaxanes 
 
 The final bond-forming reaction employed in most of the rotaxane syntheses 
discussed above was performed under kinetic control. Such protocol can result in 
the irreversible formation of undesired non-interlocked side-products (free 
macrocycle and free thread components), reducing the yield of the mechanically 
interlocked compounds. By contrast, reversible thermodynamically controlled 
approaches benefit from all the advantages of self-assembly, in particular from 
error checking and error correction steps. The thermodynamic regime allows the 
undesired or competitive by-products to be recycled to afford the most 
energetically favoured mechanically interlocked compound. 
 
Slippage 
 In the slippage86 methodology, the macrocycle and the thread, which are 
synthesized independently prior to self-assembly, are heated together until the 
macrocycle slips over the thread’s stopper by overcoming the associated free 
energy of activation. The resulting pseudorotaxane is stabilized by non-covalent 
interactions. The rotaxane comes into being when the solution is cooled down to 
ambient temperature, at which point the free energy barrier to its dissociation back 
into its components becomes insurmountable. 
 Stoddart introduced87 the slippage approach in 1993 to self-assemble rotaxanes 
that incorporate π-electron-rich hydroquinone-based macrocyclic polyethers and π-
electron-deficient bipyridinium-based thread compounds (Scheme 1.18). Rotaxanes 
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have also been synthesised by slippage using other binding motifs, such as the 
interaction of ammonium ions with crown ethers88 and the recognition between 
amides.89 
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Scheme 1.18 Synthesis of a rotaxane by the slippage methodology. Reagents, conditions 
and yield: (a) MeCN, 60 °C, 52%. 
 
 The drawback of the slippage approach is that it leads to rotaxanes that are only 
stable under certain conditions. In fact an increase in temperature, solvent polarity 
or acidity can drastically affect the stability of rotaxanes obtained by slippage. 
 
Reversible reactions 
 Thermodynamic control over mechanical bond formation depends on the 
principles of dynamic combinatorial chemistry.24 Depending upon which 
component possesses within its framework bonds that can be made and broken 
reversibly, dynamic-stoppering or dynamic-clipping approaches can be envisaged. 
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Since the building blocks are labile, subsequent covalent modification or locking90 
is required to create kinetically robust architectures. 
 Several types of reversible reactions have been used for rotaxane synthesis 
under thermodynamic control. The reversible nature of disulfide linkages has been 
employed91 by Takata to construct rotaxanes under thermodynamic control. Imine 
exchange, together with post-assembly covalent modification, was employed by 
Stoddart to synthesise rotaxanes, in two different ways. Either stoppers with amino 
groups were attached to aldehyde-terminated axle centre pieces92 (dynamic 
stoppering), or the macrocycle was modified so that an amino-terminated open-
chain precursor was reacted with a dialdehyde93 (dynamic clipping). In both cases, 
reduction of the C=N double bonds provides stable rotaxanes. Olefin metathesis is 
another alternative to synthesise rotaxanes under thermodynamic control. This 
transformation is advantageous because removal of the catalyst is all that is 
required to lock the product distribution. An example of the use of this approach 
was shown in Scheme 1.17. Grubbs94 also employed this reaction for dynamic 
clipping and Leigh95 for dynamic stoppering. The kinetic lability of metal-ligand 
coordination bonds has also been employed96 to shift equilibria between 
interlocked and non-interlocked products. 
 
1.3.5 Applications 
 
 Research on mechanically interlocked molecules was initially piqued by their 
unconventional architectures and the challenges inherent in their syntheses. The 
main driving-force today is the properties and the applications of the molecules 
themselves. As a direct result of the interlocked architecture, perhaps the most 
interesting consequence of the mechanical bond, is the inherent freedom of motion 
of the separate components of the molecule that allow them to move with respect 
to the rest of the system. The relative translations of interlocked components within 
a given molecular assembly can be controlled and utilized in molecular-scale 
devices and machines.97 These structures were categorized as machines initially 
because they looked like pieces of machinery—or were so-called because they 
carried out a function that in the macroscopic world would require a machine to 
perform it. However, motion at molecular level has little in common with motion 
in the macroscopic world. The main distinction is the presence of incessant random 
motion, experienced by all molecular-scale objects, as a consequence of scale. 
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Instead of fighting against it, Brownian motion is utilized to power molecular 
machines. 
 Rotaxanes can exhibit a number of dynamic features such as pirouetting (the 
wheel component rotating around the axis component) and shuttling (the wheel 
component shuttling along the axis component). If two different recognition sites 
are incorporated within the dumbbell component, the macrocyclic component can 
dock at either at the two stations and can shuttle back and forth between them 
along the linear portion of the dumbbell. This process can be controlled by external 
stimulus that can be addressed through chemical,98 electrochemical99 or 
photochemical100 means. 
 The on and off movements within a bistable rotaxane correspond to a binary 
logic. The interfacing of molecular machines with electronics opens up the 
possibility of utilizing them in technological devices. Heath and Stoddart made101 a 
memory device which stores the zeroes and ones of binary information in the 
switchable states of the rotaxane shown in Scheme 1.19. The memory array is made 
up of a set of titanium wires placed at right angles on top of the silicon wires to 
form a grid with multiple junctions. A monolayer of rotaxanes is sandwiched 
between the two sets, the rotaxanes being anchored at these junctions. Rotaxanes at 
the junction of two wires can be switched by applying voltages to the wires, 
changing the electrical conductivity of the junction as the molecules become 
oxidized or reduced and the macrocycle jumps between the recognition sites. 
 Another interesting application of the controlled stimulation of mechanical 
movements in rotaxanes is the construction of nanovalves. A derivative of the 
redox switchable rotaxane 70 has been attached102 to mesoporous silica 
nanoparticles. As illustrated in Figure 1.10, the silica nanopores can be closed and 
opened by moving the ring component of the rotaxane closer to and away from the 
pores orifices. When the ring sits on the preferred tetrathiafulvalene station, access 
to the interior of the nanoparticles is unrestricted and diffusion of solutes from the 
surroundings solution can occur. Chemically induced oxidation of the 
tetrathiafulvalene unit results in a shuttling of the ring closer to the solid surface, 
thereby blocking the access to the pores and trapping any solute molecule inside. 
Reduction of the tetrathiafulvalene unit reverses the mechanical motion, thus 
releasing the guest molecules and returning the system to its initial state. 
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Scheme 1.19 Redox switchable molecular shuttle. 
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Figure 1.10 Schematic representation of the operating cycle for a reversible molecular 
valve based on a derivative of redox switchable bistable rotaxane 70. The 
macrocycle is represented in dark blue, the tetrathiafulvalene unit in green, 
the dihydroxynaphthalene unit in red and the guest molecules in light blue. 
Taken from reference 102. 
 
 
1.4 Aims 
 
 Despite inherent advantages, the combination of the recognition-mediated 
synthesis of a mechanically linked architecture and the amplification of this 
structure by replication has remained an unexplored area. The aim of this thesis is 
to investigate this possibility by attempting the construction of a self-replicating 
rotaxane. It will thus be established whether replication can be coupled to other 
recognition-mediated events and whether assemblies of molecules can self-
replicate. It will be determined in the same time if the characteristics of self-
replicating systems, such as increase of production rate and exponential growth, 
and transfer and amplification of information (for example stereochemical 
information), can benefit rotaxane synthesis. 
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2 
Strategy and design principles 
 
 
 Conceptually, the integration of the synthesis of a [2]rotaxane within a self-
replicating system requires a number of design choices to be made. 
 
2.1 Method of rotaxane synthesis 
 
 Firstly, the method of rotaxane synthesis must be chosen. Consideration of how 
the processes highlighted in Figure 1.1 and in Figure 1.8 might be integrated leads 
rapidly to the realisation that the threading-and-stoppering approach to rotaxane 
synthesis (Figure 1.8.b) is the only one that can be combined with the synthesis of a 
linear template through replication. Replication requires the formation of covalent 
bond at some point along the length of a rigid, linear molecule. Of the three 
possible modes of rotaxane synthesis available, only threading-and-stoppering has 
the same requirement for covalent bond formation. In the other two cases, the 
linear component is already intact at the time of rotaxane formation. 
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2.2 Replication models 
 
 Recognition of these requirements allows the construction of the replication 
scheme depicted in Figure 2.1. The template (which forms the thread-like 
component of the rotaxane) has been extended compared to the template T shown 
in Figure 1.1, and now incorporates an additional binding site (red filled circle in 
Figure 2.1). The complementary recognition sites are located on the stoppers. 
Reaction between pseudorotaxane [LM] (formed through the association of 
macrocycle M with the linear component L) and stoppering reagent S affords the 
rotaxane R. Stoppering reagent S and linear component L bear complementary 
recognition sites on their stopper, hence S and [LM] can bind reversibly to the 
rotaxane R to form a catalytic quaternary complex [SLMR]. Bond formation 
occurs between S and [LM] to give the product duplex [RR], which then 
dissociates to return two molecules of R to the start of the autocatalytic cycle. 
 
 
Figure 2.1 Minimal model for a replicating rotaxane based on the placement of one 
recognition site (green cartoons) on each of the stoppers. The blue cartoons 
represent the reactive sites, and the red cartoons the binding motif. 
 
 An alternative replication model can be envisioned (Figure 2.2). A segment 
incorporating the additional binding site and one stopper is appended to one of the 
building blocks constitutive of the template, whereas in the model shown in Figure 
2.1, the additional binding site was incorporated between the reactive site and the 
recognition site of one of the building blocks. The second stopper of the rotaxane R 
is formed by reaction with the stoppering reagent S. The complementary 
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recognition sites are located now on the same stopper of the rotaxane. As in the 
previous model, reaction between pseudorotaxane [LM] and stoppering reagent S 
affords the rotaxane R. Stoppering reagent S and pseudorotaxane [LM] can bind 
reversibly to the rotaxane R to form a catalytic quaternary complex [SLMR]. 
Bond formation occurs between S and [LM] to give the product duplex [RR], 
which then dissociates to return two molecules of R to the start of the autocatalytic 
cycle. 
 
 
Figure 2.2 Minimal model for a replicating rotaxane based on the placement of the two 
recognition sites (green cartoons) on the same stopper. The blue cartoons 
represent the reactive sites, and the red cartoons the binding motif. 
 
 Both models can potentially be used in order to devise a self-replicating 
rotaxane. Since it seemed easier to design molecules based on the framework 
shown in Figure 2.1, the first model was chosen. 
 
 
2.3 Expanded replication scheme 
 
 The introduction of the additional binding site opens up a more complex 
network of catalytic pathways, compared to the model shown in Figure 1.1. The 
kinetic scheme for the formation of replicating rotaxane contains four interlinked 
catalytic cycles (Figure 2.3)—the autocatalytic cycle in the lower right of the kinetic 
scheme corresponds to the autocatalytic cycle present in Figure 1.1. All of these 
four cycles emanate from the central binding event, the reversible formation of the 
[LM] complex, with pseudorotaxane geometry, through the association of 
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macrocycle M with the linear component L. Above the dotted horizontal line, the 
[LM] complex can react with the stoppering reagent S to form rotaxane R (this 
process is analogous to the bimolecular channel in Figure 1.1). Rotaxane R can then 
enter an autocatalytic cycle (top right, Figure 2.3)—collecting the [LM] complex 
and stoppering reagent S and catalysing the formation of a second molecule of 
rotaxane R. Alternatively, rotaxane R can enter a crosscatalytic cycle (lower left, 
Figure 2.3)—collecting the unbound linear component L and stoppering reagent S 
and catalysing the formation of a molecule of thread T. Conversely, below the 
dotted horizontal line, unbound linear component L can react with the stoppering 
reagent S to form thread T (once again, this process is analogous to the bimolecular 
channel in Figure 1.1). Thread T can then enter an autocatalytic cycle (lower right, 
Figure 2.3)—collecting the unbound linear component L and stoppering reagent S 
and catalysing the formation of a second molecule of thread T. Alternatively, 
thread T can enter a crosscatalytic cycle (top left, Figure 2.3)—collecting the [LM] 
complex and stoppering reagent S and catalysing the formation of a molecule of 
rotaxane R. 
 This work aims to design a system based on that model in order to determine of 
course if the rotaxane can replicate itself, but also to investigate if all the four cycles 
can indeed coexist and to study the interplay between them. Can the thread behave 
as a replicator as well? Which of the rotaxane or the thread is a better replicator? Is 
crosscatalysis present? Which of autocatalysis or crosscatalysis is the most efficient? 
Reactions through binary complexes (not shown in Figure 2.3 for clarity) are also 
possible; careful design will be required in order to remove them. 
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Figure 2.3 The minimal kinetic model for a replicating rotaxane based on the threading-
and-stoppering approach with each stopper of the rotaxane bearing a 
recognition site. Four interlinked catalytic cycles operate emanating from the 
central binding event (boxed), the reversible formation of the [LM] 
pseudorotaxane complex. Above the dotted horizontal line, rotaxane 
synthesis is accomplished either through crosscatalysis (top left) by thread T 
or autocatalysis (top right) by rotaxane R. Below the dotted horizontal line, 
thread synthesis is accomplished either through crosscatalysis (bottom left) 
by rotaxane R or autocatalysis (bottom right) by thread T. Reversible arrows 
and reactions through binary complexes are not shown for clarity. The green 
cartoons represent the recognition sites, the blue cartoons represent the 
reactive sites, and the red cartoons represent the binding motif. 
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2.4 Requirements 
 
 Three essential structural features are thus required by a self-replicating 
rotaxane system: a reactive site, a recognition site and a binding motif. 
 The spacer units also play an important role. They not only connect the different 
sites, but also balance the system’s rigidity/flexibility. Suitable shape and length 
must be chosen to hold the reactive sites at the correct distance, to eliminate 
product inhibition as a result of an excessively stable product duplex [RR] and to 
avoid side reaction (binary complex pathway). 
 
2.4.1 Reactive sites 
 
 The first requirement of the design of a self-replicating rotaxane is the reactive 
sites, which connect the two parts of the thread. The stoppering reaction must be 
efficient and irreversible. The 1,3-dipolar cycloaddition between a nitrone and a 
maleimide was chosen as covalent  bond forming reaction between the L and S 
components. The choice was guided by the previous success in exploiting this 
reaction in the implementation of minimal33,34 and reciprocal36 self-replicating 
systems. 
 The 1,3-dipolar cycloaddition of nitrones with a dipolarophile gives an 
isoxazolidine (which is a five-membered ring); three contiguous asymmetric 
centres are formed in this reaction. Acyclic nitrones containing a proton on the α-
carbon atom generally exist as the Z-isomer,103 and there is a large barrier to 
interconversion of the E- and Z-forms. The reaction between nitrone 71 and 
maleimide 72 (Scheme 2.1) furnishes pairs of racemic diastereoisomeric 
cycloadducts104—labelled trans and cis. The stereochemical labels trans and cis refer 
to the relative stereochemistry in the cycloadduct of the proton derived from the 
nitrone with respect to the ring junction protons (derived from the maleimide). In 
the trans diastereoisomer, the proton derived from the nitrone is on the opposite 
face of the fused ring system as the ring junction protons derived from the 
maleimide. In the cis diastereoisomer, the proton derived from the nitrone is on the 
same face of the fused ring system as the ring junction protons derived from the 
maleimide. The outcome of this reaction is the result of the two possible modes of 
attack of the maleimide on the nitrone. The endo approach leads to the trans 
isoxazolidine and the exo approach leads to the cis isoxazolidine. The utilization of 
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a symmetrical dipolarophile avoids further complication with regioselectivity 
issues. This cycloaddition reaction is fairly unselective,105 usually giving rise to a 
trans/cis ratio ranging between 1.4:1 and 3.9:1 depending on the substituents R1, R2 
and R3. 
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Scheme 2.1 Reaction between Z-nitrone 71 and maleimide 72, giving rise to two pairs of 
racemic diastereoisomeric cycloadducts—trans isoxazolidine 73, formed 
through an endo transition state, and cis isoxazolidine 73, formed through an 
exo transition state. 
 
2.4.2 Recognition sites 
 
 The second feature required in the design of the self-replicating rotaxane is a 
pair of complementary recognition sites, to allow the building blocks to associate to 
the template. The amidopyridine/carboxylic acid recognition motif was chosen. As 
for the reactive site, this choice was guided by the previous success in exploiting 
this structural motif in diastereoselective recognition-mediated reactions106 and in 
the implementation of minimal25,29,30,31,33,34 and reciprocal36 self-replicating systems. 
Amidopyridines and carboxylic acids have the ability to form two complementary 
hydrogen bonds from the carboxylic acid hydrogen to the pyridine nitrogen, and 
the carboxylic acid carbonyl to the amide hydrogen as shown by complex [7475] 
(Scheme 2.2). Both the amidopyridine and the carboxylic acid prefer to form 
hydrogen bonds to its partner rather than to itself, because the best proton donors 
(acid OH) pair with the best proton acceptors (pyridine nitrogen).107 Additionally, 
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the presence of the methyl group in the amidopyridine brings about steric 
hindrance that prevents dimerisation. 
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Scheme 2.2 Association between amidopyridine 74 and carboxylic acid 75 through 
hydrogen bonding. 
 
 Hamilton was the first to describe the use of amidopyridines in recognition 
processes when he incorporated two such units in receptors for biscarboxylic 
acids.108 An important aspect of this early work was the observation, by X-ray 
crystallography, that complexation does not involve proton transfer from the 
carboxylic acid to the pyridyl nitrogen. 
 The choice of the solvent is also fundamental. The use of a solvent which is a 
good hydrogen bond acceptor/donor would lead to strong solvation of the 
hydrogen bond acceptor/donor sites and to disruption of the binding. Therefore a 
solvent that is not able to participate in hydrogen bonding must be chosen, such as 
chloroform. 
 
2.4.3 Binding motif 
 
 The association of the macrocyclic component M to the binding site is the key 
feature of the rotaxane. It is clear from Figure 2.3 that the position of the 
equilibrium between the linear component L and macrocycle M and the 
corresponding [L!M] complex is central to the success of this enterprise. Two 
parallel kinetic pathways operate either side of the equilibrium (Figure 2.4). 
Rotaxane R is formed through reaction between the [L!M] complex and the 
stoppering reagent S. If unbound linear component L is present, stoppering 
reagent S will react with it and form undesired thread T. Replication processes 
operate best at low concentrations—where the relative importance of the 
bimolecular reaction channel, in a kinetic sense, is minimised. This objective clearly 
requires the association constant Ka for the [L!M] complex to be high. This work 
also aims to determine how stable the [L!M] complex must be to have sufficient 
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rotaxane present. It will also be interesting to investigate whether L and [L!M] 
have the same reactivity towards stoppering reagent S. 
 
 
Figure 2.4 Kinetic model for rotaxane formation. Stoppering reagent S can react with 
either unbound linear component L (k1) to form thread T, or with the 
complex between L and macrocycle M (k2) to form rotaxane R. The [L!M] 
complex has a stability constant defined by Ka. 
 
 Various non-covalent interactions can potentially be used in order to template 
the formation of the pseudorotaxane [L!M]. Given their strength and their high 
degree of directionality, the hydrogen bond109 appeared to be the most appropriate. 
 
 
2.5 Strategy 
 
 In order to meet the target of integration of self-replication with the formation of 
a rotaxane, the following strategy will be followed. Firstly, an appropriate 
macrocycle will be selected. Then a guest that binds strongly to it will be chosen. 
The macrocycle/guest pair will be tested to check if it can be employed to form a 
rotaxane. Finally attempts will be made to integrate the binding motif within self-
replicating rotaxane architectures. 
 
 
 
 
 53 
 
 
 
 
 
 
 
 
 
 
3 
Design, synthesis and binding 
properties of macrocycles 
 
 
 The initial step in the construction of a rotaxane by the threading method is to 
select an efficient macrocycle/guest pair. The guest must be capable of threading 
through the cavity of its host and associating strongly to it. 
 
3.1 Design 
 
 Initially, we sought to exploit existing macrocycle/guest pairs, such as crown 
ethers and dialkylammonium cations. Dibenzo[24]crown-8 52 self-assembles with 
dibenzylammonium cations in a threaded manner, forming pseudorotaxanes 
(Scheme 1.14). Macrocycle 52 has the advantage of being commercially available 
and binding the guest strongly (Ka = 2.7 ! 10
4 M–1 in CDCl3 at 25 °C with 
dibenzylammonium cation). 
 The combination of the crown ether/ammonium binding motif with the chosen 
reactive and recognition sites, respectively the cycloaddition between a nitrone and 
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a maleimide, and the association between a carboxylic acid and an amidopyridine 
(see Section 2.4), leads to the design of the potential self-replicating rotaxane 76 
(Scheme 3.1). In this design, the amidopyridine was incorporated into the 
compound 77 (building block S, Figure 2.1), which also bears the nitrone reactive 
site. Compound 78 (building block L, Figure 2.1) was designed by combining the 
maleimide, the ammonium binding site and the carboxylic acid. The rotaxane 
could be generated by reacting the pseudorotaxane [52!78] (formed by the 
association between macrocycle 52 and maleimide 78) with the nitrone 77. The 
location of the self-complementary recognition sites on the stoppers may engender 
the capacity of self-replication to the rotaxane. 
 
N
H
O
N
ON
76
78
77
52
O
O O
O
O O
O O
N
H2
N
O
O
HO
O
N
H2
N
O
O
HO
O
O
N
NH
O
N
O
O
O
O
O
O
O
O
 
Scheme 3.1 Retrosynthesis of a potential self-replicating rotaxane based on a crown 
ether/ammonium binding motif. 
 
 However, the construction of a rotaxane based upon this design was abandoned 
at an early stage, because of the progressive realisation that problems may arise in 
this system. Maleimide 78 could be synthesised by joining, in the last step, the 
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maleimide moiety with the stopper through reductive amination. Nonetheless, this 
reaction may be poisoned by the Michael addition of the amine to the maleimide. 
The second problem is that ammonium salts are sparingly soluble in non-polar, 
chlorinated solvents like chloroform and dichloromethane, by virtue of their 
charge. Polar solvents such as dimethylsulfoxide and dimethylformamide cannot 
be used because they are able to compete effectively with the crown ether in terms 
of hydrogen bond ability. The last fundamental hurdle in this system is the 
competitive interaction of the ammonium with the carboxylic acid, rather than with 
the crown ether. These potential difficulties prompted the reconsideration of the 
choice of the binding motif and the elaboration of novel macrocycles. 
 Besides the ammonium ion / crown ether interaction, another popular kind of 
recognition motif employed to template the formation of rotaxanes are amide 
hydrogen bonds.65 The first stage in the design of new receptors in non-polar 
solvents involves identifying different potential guests. Our strategy is to employ 
guests that can act as hydrogen bond donor and hydrogen bond acceptor at the 
same time, such as amides, ureas and 4-pyridones. The second stage involves the 
design of the macrocycles by combining two binding motifs, both a hydrogen bond 
acceptor and a hydrogen bond donor motif, in such a way that the resulting 
receptor is appropriately tailored to the geometry of the given target guest. The 
host–guest interaction should result in a self-enforcing scheme D!!!A–D!!!A 
(Figure 3.1). 
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Figure 3.1 Amides, ureas and 4-pyridones as potential guests acting as hydrogen bond 
acceptors (A) and hydrogen bond donors (D) in the same time. 
 
 4-Pyridones offer an advantage over amides and ureas: they can provide 
additional !–! interactions. Therefore they appear to be a particularly attractive 
target. 4-Pyridone can exist as two tautomers110 (Figure 3.2). In the gas phase, there 
is a preference for the hydroxy form 80, while in non-polar solvents such as 
chloroform the two tautomers exist in comparable amounts. However, in polar 
solvents, as well as in the solid state, the equilibrium is shifted entirely to the oxo 
form 79. 
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Figure 3.2 The oxo/hydroxy tautomerism of 4-pyridone. 
 
 The framework of the novel hybrid macrocycles to be developed will typically 
contain three units: a hydrogen bond donor motif, a hydrogen bond acceptor motif, 
and the spacers linking them. The combination of different motifs is designed to 
stabilize specific interactions between the host and the guest. 
 One of the major design criteria in developing a host/guest system is to prevent 
the self-association of either the host or the guest, which competes with 
complexation and, hence, lowers association constants. Molecules must display a 
higher affinity for others (social self-sorting111) than for themselves (narcissistic self-
sorting111). 
 
 
3.2 First generation of macrocycles 
 
3.2.1 Urea macrocycle 
 
 As an initial attempt to design a receptor for 4-pyridone, a 2,6-pyridinediamide 
hydrogen bond donor unit and an urea hydrogen bond acceptor unit were linked 
by two benzyloxybenzene spacers, leading to macrocycle 87. An attempt to 
synthesise macrocycle 87 is outlined in Scheme 3.2. Alkylation of 3-aminophenol 81 
with 3-nitrobenzyl chloride 82 under basic conditions afforded the ether 83. 
Subsequent amide bond formation between two equivalents of 83 with 2,6-
pyridinedicarbonyl dichloride 84 gave compound 85. Macrocycle 87 could be 
produced by cyclizing with diphosgene the diamine 86 resulting from the 
hydrogenation of 85. Even though evidence was obtained that reduction of the 
nitro groups of 85 using hydrogen gas and palladium on carbon proceeded, the 
poor solubility of the resulting mixture of products prevented the isolation and the 
purification of diamine 86. As a consequence, the synthesis of macrocycle 87 could 
not be completed. 
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Scheme 3.2 Attempted synthesis of macrocycle 87. Reagents and yields: (a) Cs2CO3, 
CH3CN, 89%; (b) CH2Cl2, 36%. 
 
 The solubility problems encountered during the attempted synthesis of 
macrocycle 87 come probably from the ability of the benzyloxybenzene spacers to 
stack. Therefore, the nature of the spacers must be modified in designing a new 
macrocycle. 
 
3.2.2 Ethyleneurea macrocycle—ortho spacer 
 
 An alternative strategy to create a receptor for 4-pyridone is to employ an 
ethynylbenzene spacer. This modification led to the design of macrocycle 94. 
Another refinement is the replacement of the urea unit of macrocycle 87 by an 
ethyleneurea as hydrogen bond acceptor building block, in order to avoid self-
association or association with the guest through hydrogen bonding with the urea 
NH protons. 
 The key step in synthesising a macrocycle is the ring closure. Since a first 
attempt to synthesise macrocycle 94 by coupling the preformed lower and upper 
fragments 89 and 92 under Sonogashira conditions failed, the approach described 
in Scheme 3.3 was considered. The preparation of the target macrocycle was then 
successfully achieved in three steps. Ethyleneurea 91 was bis-N-alkylated with 2-
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bromobenzyl bromide 90 to afford 92, which was then coupled with 1,1-
diethylpropargylamine 88 under Sonogashira conditions to give 93, before closing 
the ring by the formation of two amide bonds. 
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Scheme 3.3 Synthesis of macrocycle 94. Reagents and yields: (a) Et3N, CH2Cl2, 76%; (b) 
NaH, 1,4-dioxane, 90%; (c) PdCl2(PPh3)2, CuI, PPh3, Et3N, THF, 49%; (d) Et3N, 
CH2Cl2, 66%. 
 
 The yield of the cyclization step was 66%. This yield is remarkably high for a 
ring closure with two bond forming reactions, which can lead to products of 
polymerisation. This phenomenon requires further investigations. Crystals of 
macrocycle 94 were grown by vapour diffusion of pentane into a solution of 94 in 
dichloromethane at ambient temperature, and then analysed by single crystal X-ray 
diffraction. A representation of the molecular structure is depicted in Figure 3.3. 
The first evident feature of the structure of macrocycle 94 is its helical shape, as a 
result of the pyridine and the ethyleneurea moieties being situated perpendicular 
to each other. The unit cell contains two stereoisomers (of which only one is shown 
in Figure 3.3): one with a right-handed and the other with a left-handed helical 
twist. 
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 Figure 3.3 (a) Face and (b) top views of the stick representation of the 94 molecular 
structure in the solid state as determined by single crystal X-ray diffraction. 
Carbon atoms are coloured grey, oxygen atoms red, nitrogen atoms blue and 
hydrogen atoms white (only hydrogen atoms that are involved in hydrogen 
bonds are shown). Hydrogen bonds are shown as dashed lines. 
 
The solid state structure also reveals that the two hydrogen atoms of the amides 
and the electron pair of the pyridine nitrogen point into the interior of the 
macrocycle. Each NH hydrogen atom forms internal bifurcated hydrogen bonds, 
involving the carbonyl oxygen atom and the pyridine nitrogen atom as acceptors. 
Bond lengths along with angles are given in Table 3.1. The existence of internal 
hydrogen bonds explains the unusually high chemical shift (9.14 ppm) of the 
resonance of the macrocycle NH in its 1H NMR spectrum in CDCl3. 
 
Table 3.1 Hydrogen bonding distance and angles of the 94 molecular structure in the 
solid state. A stands for hydrogen bond acceptor. 
 H!!!A [Å] N!!!A [Å] N–H!!!A [°] 
a 2.18 3.11 158.9 
b 2.14 3.04 151.1 
a' 2.35 2.77 105.1 
b' 2.38 2.79 104.3 
 
 The presence of internal hydrogen bonds in macrocycle 94 leads to the 
formulation of a possible mechanism for the ring closure (Figure 3.4). After the 
formation of the first amide, a bifurcated hydrogen bond between the amide NH 
proton and the ethyleneurea carbonyl oxygen atom and the pyridine nitrogen atom 
brings the amine in close proximity with the acid chloride, and thus facilitates the 
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internal nucleophilic attack. In that case, the synthesis of macrocycle 94 can be 
termed "self-templated". The ring closure step was also carried out in 
dimethylformamide, a hydrogen bonding competitive solvent, instead of 
dichloromethane. The lower yield obtained, 24%, corroborates the proposed 
mechanism. 
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Figure 3.4 Possible mechanism of the ring closure forming macrocycle 94. 
 
 In order to investigate the influence of the pyridine ring, a similar macrocycle to 
94, in which the pyridine ring was replaced by a benzene ring, was prepared. 
Macrocycle 96 was synthesised (Scheme 3.4) in analogy to macrocycle 94; instead of 
2,6-pyridinedicarbonyl dichloride 84, isophthaloyl dichloride 60 was used in the 
ring closure step (45% yield). 
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Scheme 3.4 Synthesis of macrocycle 96. Reagents and yields: (a) Et3N, CH2Cl2, 45%. 
 
 Crystals of macrocycle 96 were grown by vapour diffusion of hexanes into a 
solution of 96 in chloroform at ambient temperature, and then analysed by single 
crystal X-ray diffraction. The representation of the molecular structure (Figure 3.5) 
reveals that the conformation of macrocycle 96 is almost identical to that of 
macrocycle 94 (helical shape). The unit cell also contains a right-handed and a left-
handed isomer. Since the nitrogen atom is absent of the ring linking the two amide 
3. Design, synthesis and binding properties of macrocycles 61 
 
bonds, only two internal hydrogen bonds, between the NH hydrogen atoms and 
the carbonyl oxygen atom, are present. For hydrogen bond a, the distances H!!!O 
and N!!!O are 2.09 and 3.02 Å, respectively, with an N–H!!!O angle of 157.7°. For 
hydrogen bond b, the distances H!!!O and N!!!O are 2.50 and 3.38 Å, respectively, 
with an N–H!!!O angle of 150.5°. 
 
(a) 
a b
 
(b) 
 
 Figure 3.5 (a) Face and (b) top views of the stick representation of the 96 molecular 
structure in the solid state as determined by single crystal X-ray diffraction. 
Carbon atoms are coloured grey, oxygen atoms red, nitrogen atoms blue and 
hydrogen atoms white (only hydrogen atoms that are involved in hydrogen 
bonds are shown). Hydrogen bonds are shown as dashed lines. 
 
 The purpose of synthesising macrocycles is to utilise them in order to build 
rotaxanes. Therefore once prepared, the ability of guests to thread through their 
cavity must be investigated. However, in the case of macrocycle 94, the studies 
presented above suggest that 94 does not intrinsically have a cavity. Preliminary 
binding studies with methylacetamide, diethylurea and diphenylurea confirmed 
that this macrocycle is not capable of hosting guest molecules. The way forward is, 
thus, to synthesise larger macrocycles. 
 
3.2.3 Ethyleneurea macrocycle—meta spacer 
 
 Macrocycle 94 can be easily modified structurally. Changing the substitution 
pattern of the benzene rings should permit the control of the size of the cavity. 
Macrocycle 100, the meta isomer equivalent of macrocycle 94, was synthesised 
(Scheme 3.5) in analogy to the synthesis of the latter: alkylation (using 3-
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bromobenzyl bromide 97 as starting material), Sonogashira coupling and ring 
closure (32% yield). 
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Scheme 3.5 Synthesis of macrocycle 100. Reagents and yields: (a) NaH, 1,4-dioxane, 86%; 
(b) PdCl2(PPh3)2, CuI, PPh3, Et3N, THF, 76%; (c) Et3N, CH2Cl2, 32%. 
 
 Binding studies with methylacetamide and diethylurea showed that macrocycle 
100 does not complex these guests, presumably as a result of its unfavourable 
twisted conformation and the small size of its cavity (suggested by the calculated 
structure of 100 shown in Figure 3.6). 
 
Figure 3.6 Stick representation of the calculated structure (MMFFs force field) of 
macrocycle 100. Carbon atoms are coloured green, oxygen atoms red, 
nitrogen atoms blue and hydrogen atoms white (most hydrogen atoms have 
been removed for clarity). 
3. Design, synthesis and binding properties of macrocycles 63 
 
3.2.4 Ethyleneurea macrocycle—para spacer 
 
 An attempt to synthesise the para isomer of the series is described in Scheme 3.6. 
The same procedure as for the synthesis of macrocycles 94 and 100 was followed to 
build macrocycle 104, but employing 4-bromobenzyl bromide 101 as starting 
material. The first two steps (alkylation and Sonogashira coupling) proceeded 
smoothly. However all attempts to close the ring failed. 
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Scheme 3.6 Attempted synthesis of macrocycle 104. Reagents and yields: (a) NaH, 1,4-
dioxane, 81%; (b) PdCl2(PPh3)2, CuI, PPh3, Et3N, THF, 80%. 
 
 
Figure 3.7 Stick representation of the calculated structure (MMFFs force field) of 
macrocycle 104. Carbon atoms are coloured green, oxygen atoms red, 
nitrogen atoms blue and hydrogen atoms white (most hydrogen atoms have 
been removed for clarity). 
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 Our failure to cyclize the ring is unsurprising after examination of its calculated 
structure (Figure 3.7). Bowing of the sides of the macrocycle indicates that the 
conformation of 104 is highly strained. 
 
3.2.5 Symmetrical macrocycle 
 
 When the synthesis of macrocycle 94 was first attempted by coupling building 
blocks 89 and 92 (Section 3.2.2), the idea to dimerise the terminal alkyne 89 to 
produce a symmetrical macrocycle emerged. The dimeric coupling reaction of 89 
failed under standard and high dilution oxidative coupling conditions 
(CuI/TMEDA/O2,
112 Cu(OAc)2 in pyridine and CuCl/CuCl2
113). However treatment 
of 89 with CuI and PdCl2(PPh3)2 in the presence of air gave macrocycle 105 in 3% 
yield. 
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Scheme 3.7 Synthesis of macrocycle 105. Reagents and yield: (a) PdCl2(PPh3)2, CuI, PPh3, 
Et3N, O2,  3%. 
 
 Crystals were grown by vapour diffusion of hexanes into a solution of 105 in 
chloroform at ambient temperature. These crystals were suitable for structure 
determination by single crystal X-ray diffraction. The representation of the 
molecular structure (Figure 3.8) reveals that the molecule is twisted by rotation of 
one pyridine unit relative to the other. This unusual conformation may explain 
why standard conditions of oxidative coupling failed and why the cyclization step 
was achieved in a very poor yield. 
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 (a) 
 
 (b) 
 
 (c) 
 
Figure 3.8 (a) Face, (b) side and (c) top views of stick representation of the 105 molecular 
structure in the solid state as determined by single crystal X-ray diffraction. 
Carbon atoms are coloured grey, oxygen atoms red and nitrogen atoms blue. 
 
 Macrocycle 105 was originally prepared in order to form pseudorotaxanes with 
a different type of guests to those presented in Section 3.1, i.e. with guests 
containing two hydrogen bond acceptor sites. However, no binding experiments 
could be carried out with macrocycle 105, since only a small quantity of it was 
obtained. 
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3.3 Second generation of macrocycles 
 
 Since none of the macrocycles synthesised so far were capable of complexing 
guests, the design of novel macrocycles had to be taken in new directions. Efforts 
were pursued especially in designing host molecules capable of complexing 
pyridone derivatives. 
 
3.3.1 Ethyleneurea macrocycle—reverse spacers 
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Scheme 3.8 Synthesis of macrocycle 112. Reagents and yields: (a) Boc2O, NaHCO3, THF, 
100%; (b) Bu4NBr, KOH, THF, 40%; (c) PdCl2(PPh3)2, CuI, PPh3, Et3N, THF, 
32%; (d) HCl, EtOH, 63%; (e) Et3N, CHCl3, 32%. 
 
 The effect of the inversion of the position of the triple bond with respect to that 
of the benzene ring in the spacer employed in the scaffold of macrocycles 
presented in Section 3.2 was investigated. Macrocycle 112 was designed on that 
account and the procedures utilised for its synthesis are outlined in Scheme 3.8. 
The Boc protected amine 107 was coupled under Sonogashira conditions to the 
bis(alkyne) 109, which was prepared by bis-N-alkylation of ethyleneurea 91 with 
propargyl benzenesulfonate 108. Subsequent removal of the Boc group provided 
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free amine 111, which was submitted to a cyclization with 2,6-pyridinedicarbonyl 
dichloride 84 in high dilution conditions to give macrocycle 112 in 32% yield. 
 Binding experiments were then carried out with this macrocycle in order to test 
its ability to host guests. A 1:1 molar ratio mixture of macrocycle 112 and 4-
pyridone 79 in CDCl3 was prepared and analysed by NMR spectroscopy. The 
1H 
NMR spectrum of this equimolar mixture (Figure 3.9.b) shows that the chemical 
shift observed for each particular resonance is a weighted average between the 
chemical shift of the free and bound species; the host–guest equilibrium between 
macrocycle 112 and 4-pyridone 79 is thus fast on the 1H NMR timescale. This 1H 
NMR spectrum also exhibits significant changes in the chemical shifts of the 
resonances for the complex relative to those of the free species (Figure 3.9.a and 
Figure 3.9.c). The resonance arising from the macrocycle NH protons (H13) is 
shifted downfield (+1.80 ppm) as a result of the hydrogen bonds between these 
protons and the carbonyl group of 4-pyridone. The upfield shifts of the resonances 
for the macrocycle H11 protons (–0.58 ppm) and the resonances arising from the 
alkenic protons of the 4-pyridone (!0.08 ppm each) are characteristic of the protons 
residing in the shielding zone of an aromatic ring. Additionally, the originally 
overlapping signals of the macrocycle aromatic protons (H7, H8 and H9) are 
dispersed. The signals of the macrocycle methylene protons are also shifted, in 
particular H12 (–0.23 ppm). These chemical shift changes suggest that the 4-
pyridone guest is complexed by the macrocycle. 
 The next step is to prepare an extended guest incorporating a 4-pyridone moiety 
and to assess its association with the host, in order to gain insights into the size of 
the cavity of the macrocycle. A simple strategy to prepare such a guest is to couple 
a terminal alkyne to the dihalogenated analogues of 4-pyridone, either in ortho or 
meta position to the carbonyl. The synthesis of the former isomer was first 
attempted. 4-Pyridone was iodinated and the resulting 3,5-diiodopyridin-4(1H)-
one (iodines in ortho position to the carbonyl) was coupled with phenylacetylene 
under classical Sonogashira conditions. However, instead of the expected product, 
this reaction produced a benzofuran114 formed by intramolecular attack of the 
nucleophilic phenoxide on the alkynyl moiety. Therefore, the second option was 
chosen. The synthetic approach to guest 119 (Scheme 3.9) was based on the known 
2,6-dibromo-4-nitropyridine 116 as a key intermediate. 2,6-Dibromopyridine 113 
was converted into the 2,6-dibromo-4-nitropyridine 1-oxide 115 as described by 
Evans et al.115 The nitrogen atom of 113 was oxidised to form pyridine N-oxide 114, 
in order to facilitate electrophilic attack at the 4-position of pyridine. 2,6-
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Dibromopyridine 1-oxide 114 was then treated with nitric acid and sulfuric acid to 
give 2,6-dibromo-4-nitropyridine 1-oxide 115. Subsequent deoxygenation with 
phosphorus tribromide afforded 2,6-dibromo-4-nitropyridine 116. 
Hydroxydenitration with tetrabutylammonium hydroxide116 gave 117, isolated as 
tetrabutylammonium salt. Finally, Sonogashira coupling with phenylacetylene 118 
provided guest 119. 
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Figure 3.9 Partial 1H NMR spectra (300.1 MHz, 25 °C, CDCl3, 25 mM) of (a) 4-pyridone 
79, (b) an equimolar mixture of macrocycle 112 and 4-pyridone 79, (c) 
macrocycle 112, and (d) an equimolar mixture of macrocycle 112 and 
extended pyridone 119. Dashed lines are shown to connect resonances for 
specific protons in the bound and unbound states. 
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Scheme 3.9 Synthesis of guest 119. Reagents and yields: (a) H2O2, TFA, 83%; (b) H2SO4, 
HNO3, 70%; (c) PBr3, MeCN, 91%; (d) TBAOH, THF, 100%; (e) PdCl2(PPh3)2, 
CuI, PPh3, Et3N, THF, 34%. 
 
 An equimolar mixture of macrocycle 112 and extended pyridone 119 in CDCl3 
was prepared. Even though extended pyridone 119 has limited solubility in CDCl3, 
it became more soluble upon addition of the solution of macrocycle 112. This 
solubility change is an indication of the interaction between the host and the guest, 
the supramolecular species often being more soluble than the two entities 
separately. The mixture was then analysed by NMR spectroscopy. The appearance 
of broad signals in the 1H NMR spectrum of this mixture (Figure 3.9.d) indicates 
that the rates of exchange during the complexation and decomplexation processes 
were slow on the 1H NMR spectroscopic timescale under these conditions 
(preventing thus the measurement of the association constant by titration or 
dilution experiments), but not sufficiently slow to provide the sharp signals 
required to obtain an accurate value for the association constant through the single-
point method. 
 
3.3.2 Pyridine macrocycle  
 
 In order to probe the hydrogen acceptor moiety of the macrocycle scaffold, the 
ethyleneurea was replaced by a pyridyl unit to elaborate macrocycle 124. 
Macrocycle 124 was synthesised in three steps (Scheme 3.10), starting off from the 
reaction of 4-(bromomethyl)benzonitrile 120 with 2,6-pyridinedimethanol 121 
under basic conditions, affording the dibenzonitrile 122. Subsequent borane-
mediated reduction provided the amine 123, which was submitted to a cyclization 
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with 2,6-pyridinedicarbonyl dichloride 84 in high dilution conditions to give 
macrocycle 124 in 17% yield. 
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Scheme 3.10 Synthesis of macrocycle 124. Reagents and yields: (a) NaH, THF, 87%; (b) 
BH3, THF, 81% (c) Et3N, DCM, 17%. 
 
 Crystals of macrocycle 124 were grown by vapour diffusion of cyclohexane into 
a solution of 124 in tetrahydrofuran at ambient temperature, and then analysed by 
single crystal X-ray diffraction. A representation of the molecular structure is 
depicted in Figure 3.10. Interestingly, the macrocycle crystallises with a molecule of 
tetrahydrofuran located within its cavity, the tetrahydrofuran oxygen acting as 
hydrogen bond acceptor. The N!!!O distances are 3.06 and 3.10 Å. 
 Binding experiments were then performed with this macrocycle. The 1H NMR 
spectrum of an equimolar mixture of macrocycle 124 and 4-pyridone 79 in CDCl3 
(Figure 3.11.b) shows that the complex between 124 and 79 is in fast exchange and 
displays remarkable changes in the chemical shifts of the resonances for the 
complex relative to those of the free species (Figure 3.11.a and Figure 3.11.c). The 
resonance arising from the macrocycle NH protons (H11) is shifted downfield 
(+2.17 ppm) as a result of the hydrogen bonds between these protons and the 
carbonyl group of 4-pyridone. The upfield shifts of the resonances for the 
macrocycle phenylene protons (H7 and H8, –0.30 and –0.35 ppm respectively) and 
that of the 4-pyridone (!0.97 and –0.76 ppm) are characteristic of protons residing 
in the shielding zone of an aromatic ring. Additionally, the signals of the 
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macrocycle methylene protons are shifted upfield (H10, H5 and H4, –0.09, –0.06 and 
–0.09 ppm respectively). These chemical shift changes suggest that the pyridone 
guest is located within the cavity of the macrocycle. 
 
(a) 
 
(b) 
 
Figure 3.10 (a) Face and (b) side views of the stick representation of the 124 molecular 
structure in the solid state as determined by single crystal X-ray diffraction. A 
molecule of solvent (tetrahydrofuran) is present within the cavity of the 
macrocycle. Carbon atoms are coloured grey, oxygen atoms red and nitrogen 
atoms blue. 
 
 A binding experiment was also performed under the same conditions using 
acridone (for structure of acridone, see Table 8.2, second row) as guest. The 1H 
NMR spectrum of an equimolar mixture of 124 and acridone shows that the 
complex formed is also in fast exchange and it displays chemical shifts changes for 
the macrocycle resonances similar to those noticed in Figure 3.11.b with 4-
pyridone. The resonances of the both the host and the guest NH protons appear at 
high chemical shifts. These observations indicate that macrocycle 120 can bind 
acridone as well. 
 A binding experiment with the elongated guest, compound 119, was carried out. 
As before, a first indication that 119 self-assembles with macrocycle 124 is the 
observation of its solubilization in CDCl3 upon addition of the macrocycle. The 
1H 
NMR spectrum of an equimolar mixture of 124 and 119 (Figure 3.11.d) exhibits 
three different sets of resonances: for (1) free 124, (2) uncomplexed 119, and (3) the 
pseudorotaxane complex [124!119]. This observation indicates that the 
bound/unbound species equilibrate slowly with one another on the 1H NMR 
timescale. However careful analysis of this spectrum reveals that there are actually 
two bound species. Among the most distinguishable twin resonances are the two 
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peaks arising from the macrocycle NH bound protons and the two peaks arising 
from the pyridone NH bound proton. These duplicated resonances could result 
from the two different conformations that the macrocycle can adopt, namely a 
boat-like conformation (like in Figure 3.10.b) and a chair-like conformation. 
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Figure 3.11 Partial 1H NMR spectra (300.1 MHz, 25 °C, CDCl3, 25 mM) of (a) 4-pyridone 
79, (b) an equimolar mixture of macrocycle 124 and 4-pyridone 79 (an extra 
broad peak, not noticeable here, appears at 11.86 ppm), (c) macrocycle 124, 
and (d) an equimolar mixture of macrocycle 124 and extended pyridone 119 
(two extra peaks, not shown here, appear at 13.4 and 12.14 ppm). Dashed 
lines are shown to connect resonances for specific protons in the bound and 
unbound states. 
 
 A second elongated analogue of 4-pyridone was prepared, with bulkier end 
groups. Guest 126 was synthesised by coupling 4-tert-butylphenylacetylene to the 
intermediate 117 under Sonogashira conditions. 
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Scheme 3.11 Synthesis of guest 126. Reagents and yield: (a) PdCl2(PPh3)2, CuI, PPh3, Et3N, 
THF, 31%. 
 
 Like 119, guest 126 has a limited solubility in CDCl3. Addition of a solution of 
macrocycle 124 in CDCl3 did not permit its solubilization though (in the same way 
as it did with 119). This absence of solubility change is a sign that the guest 126 
cannot thread through the cavity of the host and form a supramolecular species, as 
a result of the bulk of the tert-butyl groups. 
 
3.3.3 Diethylene glycol macrocycle 
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Scheme 3.12 Synthesis of macrocycle 130. Reagents and yields: (a) NaH, THF, 89%; (b) 
BH3, THF, 73%; (c) Et3N, CH2Cl2, 29%. 
 
 In order to probe the flexibility of the hydrogen bond acceptor moiety of 
macrocycle 124, the pyridyl unit was replaced with a diethylene motif, bringing 
about macrocycle 130.117 The synthesis of macrocycle 130 (Scheme 3.12) was 
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conducted in analogy to the synthesis of macrocycle 124. The reaction of 4-
(bromomethyl)benzonitrile 120 with diethylene glycol 127 under basic conditions 
afforded the dibenzonitrile 128. Subsequent borane-mediated reduction afforded 
the amine 129, which was submitted to a cyclization with 2,6-pyridinedicarbonyl 
dichloride 84 in high dilution conditions to give macrocycle 130 in 29% yield. 
 Crystals of macrocycle 130 were grown by vapour diffusion of cyclohexane into 
a solution of 130 in methanol at ambient temperature, and then analysed by single 
crystal X-ray diffraction. A representation of the molecular structure is depicted in 
Figure 3.12. 
 
 
Figure 3.12 Stick representation of the 130 molecular structure in the solid state as 
determined by single crystal X-ray diffraction. Carbon atoms are coloured 
grey, oxygen atoms red, nitrogen atoms blue and hydrogen atoms white 
(most hydrogen atoms haven been removed for clarity). 
 
 Binding experiments were then carried out with this macrocycle. The 1H NMR 
spectrum of an equimolar mixture of macrocycle 130 and 4-pyridone 79 in CDCl3 
(Figure 3.13.b) shows that the complex between 130 and 79 is in fast exchange. The 
spectrum also displays significant changes in the chemical shifts of the resonances 
for the complex relative to those of the free species (Figure 3.13.a and Figure 3.13.c). 
The resonance arising from the macrocycle NH protons (H9) is shifted downfield 
(+1.90 ppm) as a result of the hydrogen bonds between these protons and the 
carbonyl group of 4-pyridone. The upfield shifts of the resonances for the 
macrocycle phenylene protons (H5 and H6, –0.33 and –0.34 ppm respectively) and 
that of the 4-pyridone (!1.03 and –0.98 ppm) are characteristic of protons residing 
in the shielding zone of an aromatic ring. Additionally, signals of the macrocycle 
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methylene protons are shifted upfield (H8 and H3, –0.05 and –0.29 ppm 
respectively). These chemical shift changes suggest that the pyridone guest is 
located within the cavity of macrocycle 130. From a 1H NMR titration experiment, 
the association constant Ka for the [130!79] complex was estimated as 450 M
–1 in 
CDCl3 at 25 °C. Given the association between macrocycle 130 and 4-pyridone, this 
guest was exploited as a template during the synthesis of  the macrocycle itself. The 
yield of the cyclization step using one equivalent of 4-pyridone as a template 
increased from 29% to 39%. 
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Figure 3.13 Partial 1H NMR spectra (400.1 MHz, 25 °C, CDCl3, 25 mM) of (a) 4-pyridone 
79, (b) an equimolar mixture of macrocycle 130 and 4-pyridone 79 (an extra 
broad peak, not noticeable here, appears at 9.70 ppm), (c) macrocycle 130, 
and (d) an equimolar mixture of macrocycle 130 and extended pyridone 119. 
Dashed lines are shown to connect resonances for specific protons in the 
bound and unbound states. 
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 A binding experiment between macrocycle 130 and acridone in CDCl3 indicates 
that 130 can host this guest, by virtue of the chemical shifts changes observed, the 
nature of which is similar to those detected in the binding experiment carried out 
with 4-pyridone. 
 The association of the extended guest 119 was then assessed with macrocycle 
130. The 1H NMR spectrum of an equimolar mixture of macrocycle 130 and 119 in 
CDCl3 (Figure 3.13.d) shows that a fast exchange process is taking place. The 
spectrum also displays dramatic chemical shift changes (the 1H NMR spectrum of 
119 is not shown in Figure 3.13 as a result of the limited solubility of this 
compound in CDCl3). The resonance arising from H9 is shifted downfield (+2.20 
ppm), and both of H5 and H6 (–0.30 and –0.28 ppm respectively) along with those 
of H8 and H3 (–0.04 and –0.32 ppm respectively) are shifted upfield. The origins of 
these changes are similar to those observed in the case of the complexation of 4-
pyridone by 130. In addition, the originally overlapping signals for the protons of 
H1 and H2 are dispersed. The high chemical shift of the pyridone NH (10.41 ppm)  
suggests that this proton is hydrogen bonded to the ether oxygen atoms. These 
changes are consistent with the calculated structure of the pseudorotaxane 
depicted in Figure 3.14, where the guest is threaded through the cavity of the host. 
From a series of 1H NMR dilution experiments, involving a 1:1 mixture of 
macrocycle 130 and 119, the association constant Ka for the [130!119] 
pseudorotaxane was estimated as 1500 M–1 in CDCl3 at 25 °C. 
 
 
Figure 3.14 Stick representation of the calculated structure (MMFFs force field) of 
pseudorotaxane [130!119]. Carbon atoms are coloured green in the 
macrocycle and orange in the guest, oxygen atoms red, nitrogen atoms blue 
and hydrogen atoms white (only hydrogen atoms that are involved in 
hydrogen bonds are shown). Hydrogen bonds are shown as dashed lines. 
3. Design, synthesis and binding properties of macrocycles 77 
 
 Unlike with 119, the addition of a solution of macrocycle 130 in CDCl3 did not 
permit the solubilization of guest 126, even after heating. An equimolar solution of 
macrocycle 130 and guest 126 was subsequently prepared in 1,1,2,2-
tetrachloroethane-d2, solvent which has a much higher boiling point (147 °C) than 
CDCl3 (61 °C). Heating of this mixture at 120 °C allowed its solubilization. 
However, the 1H NMR spectrum did not show changes in the chemical shifts of the 
resonances for the host–guest mixture relative to those of the free species. This 
result suggests that guest 126 cannot thread through the cavity of the host, as a 
result of the bulk of the tert-butyl groups. 
 
 As mentioned in Section 3.1, other types of guests can potentially act as 
hydrogen bond donor and hydrogen bond acceptor simultaneously, such as 
amides and ureas. It was established that diarylamides are capable of associating 
with macrocycle 130 with a pseudorotaxane-type geometry by performing an 
additional binding experiment. The chemical shift changes observed in the 1H 
NMR spectrum of an equimolar mixture of macrocycle 130 and the commercially 
available benzanilide 131 in CDCl3 (Figure 3.15.b) are the following: downfield 
shift (+0.69 ppm) of the macrocycle NH protons H9, upfield shifts for the 
resonances for the macrocycle phenylene protons H5 and H6 and that of the 
benzanilide aromatic protons, upfield shifts of the macrocycle methylene protons 
H8 and H3 (–0.07 and –0.23 ppm, respectively), and splitting of the originally 
overlapping macrocycle methylene protons H1 and H2. The origins of these 
chemical shift changes are similar to those observed for 4-pyridone. Noteworthy is 
the absence of chemical shift change for the resonance of the benzanilide NH, 
suggesting the lack of hydrogen bonding between this NH and the ether oxygen 
atoms. The strength of the complex formed between macrocycle 130 and 
benzanilide was estimated by measuring the association constant Ka by an 
1H NMR 
titration experiment and was found to be 160 M–1 in CDCl3 at 25 °C. 
 A supplementary binding experiment between 130 and 1,3-diphenylurea gave 
comparable results to the previous experiment with benzanilide, demonstrating 
that ureas are also suitable guests for macrocycle 130. 
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Figure 3.15 Partial 1H NMR spectra (400.1 MHz, 25 °C, CDCl3, 25 mM) of (a) benzanilide 
131, (b) an equimolar mixture of macrocycle 130 and benzanilide 131, and (c) 
macrocycle 130. Dashed lines are shown to connect resonances for specific 
protons in the bound and unbound states. 
 
 
3.4 Conclusions 
 
 In the search of binding sites to be incorporated in a rotaxane framework, seven 
novel macrocycles (summarised in Figure 3.16) have been synthesised. Only three 
of them, macrocycles 112, 124 and 130, have the ability to bind guests, since their 
cavities are large enough. 
 Macrocycles 112, 124 and 130 can all complex 4-pyridone. When binding 
experiments are carried out with elongated guests incorporating a 4-pyridone 
moiety, the rates of association and dissociation are slowed, in the case of 
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macrocycle 112 and 124, such that they fall within the range of the 1H NMR 
chemical shift timescale, by virtue of the steric barrier experienced when the 
benzene rings of the guest attempt to pass through the macrocycle's cavity. The 
greater flexibility of macrocycle 130 renders the rates of association and 
dissociation faster than for macrocycles 112 and 124. These results indicate that, 
even though the cavity of these three macrocycles is large enough to thread guests, 
the size of these cavities is still relatively small; the addition of a tert-butyl group at 
both ends of the guest is sufficient to prevent the formation of pseudorotaxanes. 
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Figure 3.16 Summary of macrocycles synthesised. 
 
 The best macrocycle/guest pair is formed by the combination of macrocycle 130 
and 4-pyridone guests. This macrocycle can also accommodate amide and urea 
guests, but with less optimal binding. 
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4 
Integrating self-replication with 
the formation of rotaxanes 
 
 
 The ability of the macrocycles developed in Chapter 3 to form pseudorotaxanes, 
through non-covalent bonding, with guests incorporating suitable binding sites has 
been established. These assemblies can now be integrated as the [L!M] constituent 
within self-replicating rotaxane architectures. 
 
4.1 Component L incorporating a 4-pyridone binding site 
 
4.1.1 Design of a potential self-replicating rotaxane 
 
 The binding experiments performed with the various macrocycles synthesised 
so far led us to choose 130 as the macrocyclic component M and a 4-pyridone as the 
binding site which binds the macrocycle in building block L. The very first design 
of a potential self-replicating rotaxane presented (76, Scheme 3.1) has thus been 
modified in a way to incorporate this new binding motif (Scheme 4.1). Macrocycle 
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52 has been replaced by macrocycle 130. The maleimide contains now a 2,6-
disubstituted pyridone binding site. The nitrone remains unchanged. Maleimide 
133 should be able to associate with macrocycle 130; the resulting pseudorotaxane 
can then potentially react with the nitrone 77, forming consequently the rotaxane 
132. Since self-complementary recognition sites are located on each stopper, this 
rotaxane possesses possibly the ability to self-replicate. 
 
O
O O
HNNH
N
OO
N
H
O
OHO
N
O
O
N
H
O
OHO
NO
N
O
O
O NH
N
N
O
NH
O
HN
O O
O
N
H
O
N
ON
130
132
133
77
 
Scheme 4.1 Retrosynthesis of a potential self-replicating rotaxane containing a 2,6-
disubstituted pyridone binding site. 
 
4.1.2 Synthesis of the nitrone 
 
 The synthesis of nitrone 77 was achieved in four steps (Scheme 4.2). The 
following procedure is an improved method for the preparation of the known 
nitrone 77 as reported118 by Quayle. Nitrone 77 is derived from two key 
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compounds: the aldehyde 137 and the hydroxylamine 139. The nucleophilic attack 
of 2-amino-6-picoline 134 on 4-chloromethylbenzoyl chloride 135 afforded the 
amide 136. Benzylic chloride 136 was then converted to an aldehyde through 
Sommelet reaction, which proceeds in three steps: (1) formation of a hexaminium 
salt by reaction with hexamethylenetetramine (HMTA), (2) hydrolysis to give an 
amine, and (3) reaction of this amine with excess of HMTA to give the aldehyde 
137. In parallel, 1-tert-butyl-4-nitrobenzene 138 was reduced to the corresponding 
hydroxylamine 139 under mild conditions, with the KBH4/BiCl3 system.
119 Once 
isolated, the 4-tert-butyl-N-hydroxyaniline 139 was reacted immediately with 
aldehyde 137 to give nitrone 77 in an excellent yield. 
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Scheme 4.2 Synthesis of nitrone 77. Reagents and yields: (a) CH2Cl2, 93%; (b) 1. HMTA, 
EtOH, H2O, 2. HCl, 60%; (c) BiCl3, KBH4, EtOH, H2O, then (d) EtOH, 97% 
(over 2 steps). 
 
4.1.3 Synthesis of the maleimide 
 
 The synthesis of maleimide 133 was problematic. Even though elongated 
pyridone guests 119 and 126 were prepared successfully by coupling 
phenylacetylene, for the former, and 4-tert-butylphenylacetylene, for the latter, to 
the intermediate 117 under Sonogashira conditions, all efforts to couple other 
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synthons (such as 2,2-dimethylpropargyl alcohol, 4-ethynylaniline and tert-butyl 4-
ethynylphenylcarbamate) failed. A way to overcome this difficulty could be to use 
the same strategy as Inouye and co-workers,120 who incorporated pyridone motif 
into saccharide receptors, consisting of protecting the pyridone and removing the 
protecting group in the last synthetic step, after the coupling. However, this 
method would lengthen substantially the synthesis of maleimide 133. Moreover, 
we realized that the solubility of 133 in non-polar solvents is likely to be very poor. 
Therefore, the choice of binding site to be incorporated in the maleimide, which is 
meant to bind the macrocycle, had to be reassessed. 
 
 
4.2 Component L incorporating an amide binding site—alkyne spacers 
 
4.2.1 Design of a potential self-replicating rotaxane 
 
 Amides offer an attractive alternative binding site, for two reasons. Firstly, their 
synthetic chemistry is much better developed than that of 2,6-substituted pyridone 
systems. Furthermore, amides appeared to be adequate guests for macrocycle 130 
(see Section 3.3.3). However, the association constant for the [130!131] 
pseudorotaxane (Ka ! 160 M
–1) was estimated to be lower than for [130!119] (Ka ! 
1500 M–1) by a factor of ten. Given this diminution, less optimal binding constants 
between macrocycle 130 and amide binding sites were prepared to be 
accommodated in the revised designs than for macrocycle 130 and pyridone 
binding sites. 
 The structure of the maleimide component of the potential self-replicating 
rotaxane has thus been adapted taking into account the change of binding site. The 
2,6-disubstituted pyridone in 133 (Scheme 4.1) was replaced by an amide, 
generating maleimide 141 (Scheme 4.3). 
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Scheme 4.3 Retrosynthesis of a potential self-replicating rotaxane containing a 
diarylpropiolamide binding site. 
 
4.2.2 Binding study 
 
 Since the binding experiments between macrocycle 130 and amide guests were 
performed with diarylamides, further tests must be carried out in order to evaluate 
the influence of the presence of a triple bond between the carbonyl and the benzene 
ring on the association with macrocycles. The model guest 146 was designed with 
that purpose and synthesised in three steps, as outlined in Scheme 4.4. The 
propargyl ester 143 was prepared by acylation of the lithium acetylide of 
phenylacetylene with ethyl chloroformate. Hydrolysis of 143 gave the 
phenylpropiolic acid 144. Subsequent union of p-toluidine with the carboxylic acid 
144, which was activated by using EDC as coupling reagent, afforded the desired 
diarylpropiolamide 146. 
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Scheme 4.4 Synthesis of amide 146. Reagents and yields: (a) n-BuLi, THF, then (b) KOH, 
H2O, 1,4-dioxane, 84% (over 2 steps); (c) EDC, HOBt, DMF, 44%. 
 
 The association of guest 146 with macrocycle 130 was assessed by performing a 
binding experiment, which established that diarylpropiolamides are also capable of 
associating with macrocycle 130 with a pseudorotaxane-type geometry. The 
chemical shift changes observed upon guest addition in the 1H NMR spectrum of 
an equimolar mixture of macrocycle 130 and guest 146 in CDCl3 are comparable to 
those observed for macrocycle 130 and benzanilide 131: downfield shift (+0.46 
ppm) of the macrocycle NH protons H9, upfield shifts for the resonances for the 
macrocycle phenylene protons H5 and H6 and that of the guest aromatic protons, 
upfield shifts of the macrocycle methylene protons H8 and H3 (–0.01 and –0.11 
ppm, respectively), and splitting of the originally overlapping macrocycle 
methylene protons H1 and H2. The association constant Ka was measured by an 
1H 
NMR titration experiment and estimated to be 50 M–1 in CDCl3 at 25 °C. The 
diminution of the strength of the complex formed, compared with the one formed 
with benzanilide, is likely to be a result of the influence of the electronegative 
character of the triple bond. Additional binding experiments with macrocycles 112 
and 124 showed that the complex formed with the former is also in fast exchange 
on the chemical shift timescale, and in intermediate exchange with the latter. 
 
4.2.3 Synthesis of a simple rotaxane 
 
 Before attempting to incorporate the diethylene glycol 
macrocycle/propiolamide binding motif in the construction of a self-replicating 
rotaxane, it is important to ensure that a simple rotaxane (i.e. one that is not capable 
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of self-replication) can be formed using the cycloaddition reaction between a 
nitrone and an propiolamide-containing maleimide. Hence, a maleimide that does 
not contain a recognition site on the stopper was synthesised. A possible 
retrosynthetic route for the formation of this maleimide is presented in Scheme 4.5. 
The key step involves the coupling of the amine 148 with the acid 149. Note that 
another structural modification has been made on this test compound. A methyl 
group was appended on the maleimide functionality, in order to reduce poisoning 
of the reaction by Michael addition of the amine on the maleimide. 
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Scheme 4.5 Retrosynthesis of maleimide 147. 
 
 The acid 149 was synthesised in five steps (Scheme 4.6). The intermediate 154 
was prepared in a similar manner to Perttu et al.121 4-tert-Butylphenylacetylene 125 
was coupled to 1,3,5-tribromobenzene 150 using standard Sonogashira coupling 
methodology. Compound 151 was isolated from the resulting mixture of mono-, 
di- and trisubstituted derivatives by column chromatography, and was then 
converted to the terminal alkyne 154 by another Sonogashira coupling (with 2,2-
dimethylpropargyl alcohol), followed by deprotection under basic conditions. 
Acylation of the lithium acetylide of 154 with ethyl chloroformate gave the 
propargyl ester 155, which was finally hydrolysed to provide acid 149. 
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Scheme 4.6 Synthesis of acid 149. Reagents and yields: (a) PdCl2(PPh3)2, CuI, PPh3, Et3N, 
THF, 62%; (b) PdCl2(PPh3)2, CuI, PPh3, Et3N, THF, 93%; (c) NaOH, toluene, 
91%; (d) n-BuLi, THF, 79%; (e) LiOH, H2O, THF, 99%. 
 
 The amine 148 was prepared in two steps (Scheme 4.7). 4-Iodoaniline was 
treated with citraconic anhydride to give 158. Subsequent coupling with 4-
ethynylaniline under standard Sonogashira conditions afforded the desired amine 
148 indeed, but in an extremely poor yield (3%). 
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Scheme 4.7 Synthesis of amine 148. Reagents and yields: (a) AcOH, 93%; (b) PdCl2(PPh3)2, 
CuI, PPh3, Et3N, THF, 3%. 
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 Attempts to couple the amine 148 with the acid 149 using EDC as coupling 
reagent did not permit the isolation of the target 147. Given the small quantity of 
amine 148 available, as a result of the poor efficiency of its synthesis, alternative 
conditions of amide coupling could not be tested. 
 An analogue of amine 148, containing a shorter spacer and being potentially 
easier to prepare, was designed (161, Scheme 4.8). Despite all efforts to react 
citraconic anhydride with 1,4-phenylenediamine in various reaction conditions, the 
amine 161 could not be synthesised. 
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Scheme 4.8 Retrosynthesis of maleimide 160. 
 
 None of the maleimides designed (147 and 160) have been synthesised. 
Considering the difficulties encountered in building up model compounds, the 
synthesis of the maleimide building block must be approached in a different 
manner. Indeed, a robust method of preparation must be developed, since this 
procedure is intended to be utilized in the elaboration of its equivalent containing a 
recognition site. 
 
4.3 Component L incorporating an amide binding site—phenyl spacers 
 
4.3.1 Design of a potential self-replicating rotaxane 
 
 The presence of triple bonds in the spacer units of maleimide 141 seems to be 
redundant. Diarylamides appear to be a reasonable alternative to 
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diarylpropiolamides, given their synthetic tractability. The framework of the 
potential self-replicating rotaxane was redesigned, incorporating a diarylamide as 
binding site (162, Scheme 4.9). The new target maleimide building block is now 
163. 
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Scheme 4.9 Retrosynthesis of a potential self-replicating rotaxane containing a 
diarylamide binding site. 
 
4.3.2 Synthesis of a simple rotaxane 
 
 Again it is necessary to ensure that a simple rotaxane can be formed taking into 
consideration the new design choices. Maleimide 172, the synthesis of which is 
outlined in Scheme 4.10, does not contain a recognition site and hence was devised 
for that purpose. The starting material used is 3,5-dibromobenzoic acid 164. Direct 
coupling with 4-tert-butylphenylacetylene to obtain the key compound 167 failed. 
It was hence necessary first to convert 164 to the methyl ester 165. The coupling of 
165 with 4-tert-butylphenylacetylene under standard Sonogashira conditions 
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allowed the formation of 166. Despite purification by column chromatography, 166 
could not be isolated pure, but was contaminated with homocoupled alkyne side 
product. Compound 166 was used in the next step without further purification, 
and thus exposed directly to basic conditions in order to hydrolyse the methyl 
ester. The now greater difference of polarity with the side product allowed the 
purification of 167 by column chromatography. The acid 167 was then converted to 
an acid fluoride; the activated intermediate 168 was prepared using cyanuric 
fluoride in the presence of pyridine. Subsequent coupling with an excess of 1,4-
phenylenediamine produced the amide 170, which was isolated from the 
disubstituted product and the excess of diamine 169 by column chromatography. 
Finally, reaction with maleic anhydride afforded the maleimide 172. 
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Scheme 4.10 Synthesis of maleimide 172. Reagents and yields: (a) H2SO4, MeOH, 93%; (b) 
PdCl2(PPh3)2, CuI, PPh3, Et3N, THF, then (c) NaOH, 1,4-dioxane, MeOH, 56% 
(over 2 steps); (d) cyanuric fluoride, pyridine, CH2Cl2, 100%; (e) CH2Cl2, 86%; 
(f) AcOH, 67%. 
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 The ability of 172 to associate with macrocycle 130 was assessed by performing a 
binding experiment. An equimolar solution of macrocycle 130 and maleimide 172 
in CDCl3 was prepared and analysed by 
1H NMR spectroscopy. The 1H NMR 
spectrum of this mixture exhibits three different sets of resonances: (1) free 130, (2) 
uncomplexed 172, and (3) the pseudorotaxane complex [130!172]. This observation 
indicates that the bound/unbound species equilibrate slowly with one another on 
the 1H NMR timescale. This phenomenon allowed the determination of the 
association constant using the single-point method; Ka was estimated to be 280 M
–1 
in CDCl3 at 25 °C. 
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Figure 4.1 (a) Self-assembly of host 130 with guest 172 to form pseudorotaxane 
[130!172], along with labelling scheme for macrocycle 130. (b) Partial 1H NMR 
spectrum (400.1 MHz, 25 °C, CDCl3, 25 mM) of an equimolar mixture of 
macrocycle 130 and maleimide 172, illustrating spectral region associated 
with the methylene resonances arising from macrocycle 130, together with 
proton assignments. 
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 The chemical shift changes are consistent with pseudorotaxane formation. The 
typical downfield shift (+0.94 ppm) of the macrocycle NH protons H9 and upfield 
shifts for the resonances for the macrocycle phenylene protons H5 (–0.50 ppm) and 
H6 (–0.54 ppm) were observed. Downfield shifts of the guest maleimide protons 
(+0.05 ppm) and methyl protons (+0.03 ppm) were also observed. Of particular 
note are the resonances arising from the macrocycle methylene groups (Figure 
4.1.b). The unsymmetrical nature of the thread component renders the protons 
located on opposite face of the macrocycle diastereotopic (Figure 4.2). In the free 
macrocycle, the resonance arising from the methylene H8 appears as a doublet at ! 
4.61. Upon pseudorotaxane formation, these methylene protons are rendered 
magnetically inequivalent and appear each as a doublet of doublet at ! 4.76 and ! 
4.39. The resonance of methylene H3 protons, which appeared as a singlet at ! 4.53 
in the free macrocycle, are inequivalent and mutually coupled when the thread is 
encircled by the macrocycle, giving rise to an AB system at ! 4.18. Moreover, the 
originally overlapping macrocycle methylene protons H1 and H2 lead to similar 
complex patterns as for H8* and H3*. 
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Figure 4.2 Schematic representation of pseudorotaxane [130!172], highlighting the 
unsymmetrical nature of the thread. The protons ! on one face of the 
macrocycle are orientated toward the maleimide, whereas the protons " on 
the opposite face of the macrocycle are orientated toward the stopper. 
 
 It has now been demonstrated that maleimide 172 can thread through the cavity 
of macrocycle 130. Before reacting the resulting pseudorotaxane with nitrone 77 in 
order to attempt the elaboration of a simple rotaxane, it is important to make sure 
that the stoppers are big enough to prevent de-threading. Therefore the thread 
must be synthesised. The synthesis of the thread will also permit us to evaluate the 
reactivity between the maleimide and the nitrone chosen. A mixture of maleimide 
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172 and nitrone 77 in chloroform gave, after five days at ambient temperature, 
thread 173 in 97% yield (Scheme 4.11), as a 3.5:1 mixture of its trans and cis 
diastereoisomers. 
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Scheme 4.11 Synthesis of thread 173. Reagents and yields: (a) CHCl3, 97% (trans/cis 3.5:1). 
 
 The trans/cis ratio was determined directly from the NMR spectrum, since the 
trans- and the cis-isoxazolidine display markedly different NMR spectra between ! 
4.0 and ! 6.0, region where the resonances arising from the isoxazolidine protons 
appear (Figure 4.3). The cis-isoxazolidine protons H1', H2' and H3' are all located on 
the same face of the fused ring system, and can hence couple between each other 
(3JH1',H2' = 7.8 Hz and 
3JH2',H3' = 9.0 Hz). The dihedral angle between H
2 and H3 in the 
trans-isoxazolidine is approximately 90°, therefore the coupling constant between 
H2 and H3 tends to zero (as described by the Karplus equation122) and H3 appears as 
a singlet. The resonance of proton H2 appears as a doublet, whereas H2' as a doublet 
of doublets. 
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Figure 4.3 Partial 1H NMR spectrum (4001. MHz, CDCl3) resulting from the reaction 
between nitrone 77 and maleimide 172. 
 
 An equimolar solution of macrocycle 130 and thread 173 in CDCl3 was prepared 
and analysed by 1H NMR spectroscopy. The 1H NMR spectrum of this mixture 
does not show, in the region associated with the macrocycle methylene resonances, 
the expected diastereotopic pattern for rotaxane formation, indicating that the 
macrocycle cannot slip over the stoppers. Heating the solution at 50 °C for two 
hours left the 1H NMR spectrum unchanged. However careful analysis of the 1H 
NMR spectrum revealed chemical shift changes similar to those observed for the 
pseudorotaxane formed between macrocycle 130 and amide 131 (see section 3.3.3), 
such as upfield shifts of the macrocycle methylene protons H8 and H3 and the 
splitting of the originally overlapping macrocycle methylene protons H1 and H2. 
Even though the stoppers are large enough to prevent the macrocycle slipping over 
them and binding to the amide binding site, the macrocycle can bind the amide 
contained in the stopper. The chemical shift changes observed result thus from the 
pseudorotaxane formed between the macrocycle and this alternative amide 
binding site. This binding possibility, which was not anticipated, is problematic 
because it provides a competitive binding site for the macrocycle, in the future case 
of rotaxane construction. Indeed, the macrocycle can not only bind the maleimide, 
but also the nitrone. As a consequence the association constant for [L!M] will be 
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lower and the rotaxane yield reduced. It is therefore crucial to prevent the 
macrocycle from associating with this second binding site. 
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Scheme 4.12 Synthesis of rotaxane 174. Reagents and yields: (a) CHCl3, 34% rotaxane 
(trans/cis 2.3:1) and 40% thread (trans/cis 3.4:1). 
 
 This new design criterion must be taken into consideration in order to maximize 
the formation of rotaxane. The synthesis of the simple rotaxane utilizing nitrone 77 
was nevertheless attempted, having in mind that the yield might not be optimal as 
a result of the various binding possibilities for the macrocycle. A mixture of 
maleimide 172 and macrocycle 130 was pre-equilibrated in chloroform at ambient 
temperature to allow the formation of a pseudorotaxane. The addition of nitrone 77 
gave, after five days, rotaxane 174 in 34% yield, as a 2.3:1 mixture of its trans and cis 
diastereoisomers, and thread 173 in 49% yield, as a 3.4:1 mixture of its trans and cis 
diastereoisomers (Scheme 4.12). Several conclusions can be drawn from this 
experiment. First, it is possible to synthesise a rotaxane utilizing the diethylene 
glycol macrocycle/amide binding motif and the reaction between a nitrone and a 
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maleimide. However more thread than rotaxane has been produced. This 
observation can be explained to some extent by the fact that the macrocycle can not 
only bind the maleimide 172, but also the additional binding site present in nitrone 
77 or in the thread 173, as mentioned above. Interestingly, the formation of the 
trans diastereoisomer is disfavoured in the rotaxane product. 
 
4.3.3 Improving the design of the simple rotaxane 
 
 The finding of the possibility for macrocycle 130 to associate with the 
amidopyridine branch of the thread prompted the execution of additional binding 
experiments. An equimolar solution of macrocycle 130 and nitrone 77 in CDCl3 was 
prepared and analysed by 1H NMR spectroscopy. The 1H NMR spectrum of this 
mixture displays chemical shift changes similar to those observed for the 
pseudorotaxane formed between macrocycle 130 and amide 131 (Table 4.1): 
downfield shift of the macrocycle NH protons H9, upfield shifts for the resonances 
for the macrocycle phenylene protons H5 and H6 and that of the guest aromatic 
protons, upfield shifts of the macrocycle methylene protons H8 and H3, and 
splitting of the originally overlapping macrocycle methylene protons H1 and H2. 
This result suggests that nitrone 77 is threaded through the cavity of the host. The 
macrocycle can potentially bind either the amide binding site or the nitrone 
binding site of compound 77. Two similar supplementary binding experiments 
with the same macrocycle, one being carried out with the amide 136, and the other 
with diphenylnitrone, gave comparable results (Table 4.1), demonstrating that both 
6-methylamidopyridine and diarylnitrones can be threaded through the cavity of 
macrocycle 130. It has been established that 4-tert-butylphenyl ring is a large 
enough stopper to prevent the macrocycle from slipping over it (see section 3.3.3); 
it is thus the other end of nitrone 77 that must be blocked. 
 
Table 4.1 Chemical shift changes (in ppm) for selected protons of macrocycle 130 upon 
complexation with the guests specified in the first column. 
 
 
H9 
 
H8 
 
H3 
 
Nitrone 77 
 
+0.67 
 
–0.06 
 
–0.17 
Amide 136 +0.21 –0.03 –0.07 
Diphenylnitrone +0.63 –0.05 –0.13 
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 Compound 176 was prepared as a model compound, in order to gain more 
insight into the size of end groups that can thread or not through the cavity of 
macrocycle 130. Amide 176 was synthesised by reacting p-toluidine 145 with p-
toluoyl chloride 175 (Scheme 4.13). An equimolar solution of macrocycle 130 and 
amide 176 in CDCl3 was prepared and analysed by 
1H NMR spectroscopy. The 
resonances observed in the 1H NMR spectrum are characteristic of the guest being 
located within the host. The spectrum shows that the complex is in fast exchange, 
but the signals are slightly broader than those observed in the case of benzanilide 
131. 
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Scheme 4.13 Synthesis of amide 176. Reagents and yield: (a) Et3N, CH2Cl2, 95%. 
 
 It has been established so far that a phenyl ring and, 4-methylphenyl ring and a 
6-methylpyridine ring can pass through the cavity of macrocycle 130, but that a 4-
tert-butylphenyl ring cannot. What about a 4,6-dimethylpyridine ring? Model 
compound 179 was prepared to test this proposition. Amide 179 was synthesised 
by reacting the commercially available 2-amino-4,6-dimethylpyridine 177 with 4-
tert-butylbenzoyl chloride 178 (Scheme 4.14). A binding study with macrocycle 130 
showed that the host does not complex 179; no change on the 1H NMR spectrum of 
macrocycle 130 was observed upon addition of guest 179. Heating the CDCl3 
solution of macrocycle 130 and guest 179 at 50 °C for 90 minutes left the material 
unchanged. Both ends of amide 179, the 4,6-dimethylpyridine ring and the 4-tert-
butylphenyl ring are large enough to prevent the macrocycle forming a 
pseudorotaxane with this component. 
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Scheme 4.14 Synthesis of amide 179. Reagents and yield: (a) Et3N, CH2Cl2, 100%. 
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 With this result in hand, nitrone 77 was modified: the 6-methylpyridine ring end 
was replaced by a 4,6-dimethylpyridine group. The resulting nitrone 182 was 
synthesised (Scheme 4.15) in analogy to the synthesis of nitrone 77 (see Scheme 
4.2). 2-Amino-4,6-dimethylpyridine 177 was used instead of 2-amino-6-picoline 134 
as starting material. The nucleophilic attack of 177 on 4-chloromethylbenzoyl 
chloride 135 afforded the amide 180. The benzylic chloride was then converted to 
an aldehyde through Sommelet reaction. In parallel, 1-tert-butyl-4-nitrobenzene 138 
was reduced to the corresponding hydroxylamine with the KBH4/BiCl3 system.
119 
Once isolated, 139 was reacted immediately with the aldehyde 181 to give nitrone 
182 in a very good yield. 
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Scheme 4.15 Synthesis of nitrone 182. Reagents and yields: (a) Et3N, CH2Cl2, 24%; (b) 1. 
HMTA, EtOH, H2O, 2. HCl, 82%; (c) BiCl3, KBH4, EtOH, H2O, then (d) EtOH, 
85% (over 2 steps). 
 
 A binding study with nitrone 182 and macrocycle 130 showed that the 
macrocyclic component does not form a pseudorotaxane with the nitrone guest; no 
change on the 1H NMR spectrum of macrocycle 130 was observed upon addition of 
guest 182. This experiment confirms that both ends of nitrone 182, the 4,6-
dimethylpyridine ring and the 4-tert-butylphenyl ring, are large enough to prevent 
the nitrone to thread through the cavity of the macrocycle. 
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  Another simple rotaxane (i.e., one that is not capable of self-replication) was 
prepared using the amide-containing maleimide 172 and macrocycle 130, but 
utilizing now the newly developed nitrone 182. Since nitrone 182 has been 
designed to prevent rotaxane formation between macrocycle 130 and the nitrone, 
macrocycle 130 can presumably associate only with the maleimide, which should 
maximize the yield of rotaxane over that of thread formation. A mixture of 
maleimide 172 and macrocycle 130 was pre-equilibrated in chloroform at –5 °C to 
allow the formation of a pseudorotaxane. The addition of nitrone 182 gave, after 
three days at ambient temperature, rotaxane 183 in 45% yield, as a 1.9:1 mixture of 
its trans and cis diastereoisomers, and thread 184 in 42% yield, as a 5.2:1 mixture of 
its trans and cis diastereoisomers (Scheme 4.16). In addition, 13% of unreacted 
maleimide 172 was recovered from the reaction mixture. 
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Scheme 4.16 Synthesis of rotaxane 183. Reagents and yields: (a) CHCl3, 45% rotaxane 
(trans/cis 1.9:1) and 42% thread (trans/cis 5.2:1). 
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Figure 4.4 1H NMR spectrum (400.1 MHz, 25 °C, CDCl3) of rotaxane cis-183 together 
with proton assignments. The resonances arising from the 43, 50, 51 and 54 
protons are shown as inset partial spectra. Note that the sample also contains 
around 8% of trans-183. 
 
 The 1H NMR spectrum of rotaxane 183 (Figure 4.4) reveals the features expected 
of a [2]rotaxane. Of particular note are the resonances arising from the macrocycle 
NH protons and the adjacent methylene groups. In the free macrocycle, the 
resonance arising from the NH protons appears as a triplet at ! 8.10 and that 
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arising from the adjacent CH2 as a doublet at ! 4.62. Upon rotaxane formation, the 
two methylene protons are rendered magnetically inequivalent as a result of the 
end-to-end asymmetry imposed by the thread. Further, the mirror plane present in 
the free macrocycle, which passes through the macrocycle perpendicular to the 
pyridine ring, is absent in the rotaxane (Figure 4.5). This loss is a result of the fact 
that the isoxazolidine ring formed in the cycloaddition reaction does not possess a 
matching element of symmetry. Therefore, the two NH protons (H51) and the four 
methylene protons (H50) are now all magnetically inequivalent and this leads to the 
observed complex signal patterns for the resonances arising from these protons 
(insets, Figure 4.4). Furthermore, the pyridine protons H54 (the resonances of which 
appear in the free macrocycle as a doublet at ! 8.25) and the methylene protons H43 
are also all rendered magnetically inequivalent upon rotaxane formation, and lead 
to complex signal patterns as well (insets, Figure 4.4). In addition, these resonances 
also show marked chemical shift changes as a result of the dramatic change in their 
local environments upon the interlocking of the thread and the macrocycle. The 
macrocycle amide NH proton resonances H51 shift downfield from ! 8.10 to ! 9.06, 
the macrocycle methylene proton resonances H50 are now located at ! 4.81 and ! 
4.32, and the methylene proton resonances H43 at ! 3.92 and ! 3.74. There is also a 
strong upfield shift of the amide NH resonance of the binding site H14 in the 
rotaxane (! 7.89) compared to the free thread (! 8.55). All these observations are 
once again consistent with the macrocycle being bound in the expected location in 
the rotaxane. 
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Figure 4.5 Schematic representation of rotaxane 183, highlighting the unsymmetrical 
nature of the thread. The protons ! on one face of the macrocycle are 
orientated toward the isoxazolidine, whereas the protons " on the opposite 
face of the macrocycle are orientated toward the 4-tert-butylphenylacetylene 
substituents. The protons coloured in black are located on one side of the 
macrocycle, while the protons coloured in grey are located on the other side. 
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 The incorporation of an extra methyl group to one end of the nitrone has a 
positive influence on the yield of rotaxane formation, since the quantity of rotaxane 
produced is now higher than that of thread. However the yield of rotaxane (45%) is 
still modest. The association constant Ka for the pseudorotaxane [130!172] has been 
estimated to be 280 M–1 in CDCl3 at 25 °C (see above). At a concentration of 50 mM 
(same concentration at which the reaction was carried out), this represents 77% of 
pseudorotaxane and 23% of free maleimide. Assuming that the pseudorotaxane 
and the free maleimide have the same reactivity, these percentages should reflect 
the yields of rotaxane and thread respectively. But the yield of rotaxane is lower 
than this value and the yield of thread is higher. This result suggests that the 
bound maleimide is less reactive than the free maleimide. Another outcome of this 
experiment is worth mentioning. Like for rotaxane 174 and thread 173, the 
formation of the trans diastereoisomer is disfavoured in the rotaxane product. 
 
4.3.4 Synthesis of a potential self-replicating rotaxane 
 
 Having ensured that a simple rotaxane can be formed using the design criteria 
chosen, one of the tert-butyl groups in maleimide 172 was then replaced with a 
carboxylic acid recognition site, affording the potential self-replicating rotaxane 185 
(Scheme 4.17). Given the experimental results obtained above, the design has 
evolved since the one outlined in Scheme 4.9. Both ends of the nitrone, the 4,6-
dimethylpyridine ring and the tert-butylphenyl ring, are now large enough to 
prevent the macrocycle forming a pseudorotaxane with this component. 
 The following strategy has been developed in order to synthesise maleimide 
163. The central issue of this synthesis is the selective coupling of the two parts of 
the stopper: the 4-tert-butylphenylacetylene (commercially available) and the 4-
ethynylbenzoic acid (to be synthesised). 3-Bromo-5-iodobenzoic acid is the key 
starting material for the synthesis of maleimide 163. This compound was not 
commercially available at this time, so the ethyl ester of it was synthesised. The 
preparation of 189 was achieved in three steps (Scheme 4.18) following Tobe's 
procedure.123 Ethyl 4-aminobenzoate was brominated with NBS, and then 
iodinated with iodine monochloride, to give compound 188. Consequent 
diazotization resulted in the obtention of ethyl 3-bromo-5-iodobenzoate 189. 
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Scheme 4.17 Retrosynthesis of a potential self-replicating rotaxane containing a 
diarylamide binding site. 
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186  
Scheme 4.18 Synthesis of ethyl 3-bromo-5-iodobenzoate 189. Reagents and yields: (a) NBS, 
CHCl3, 99%; (b) ICl, AcOH, H2O, 85%; (c) NaNO2, H2SO4, toluene, EtOH, 
73%. 
 
 The second molecule necessary for the construction of maleimide 163 is tert-
butyl 4-ethynylbenzoate 193. This terminal alkyne was prepared in three steps 
(Scheme 4.19) from 4-bromobenzoyl chloride 190. Reaction with tert-butyl alcohol 
gave124 the ester 191. Subsequent Sonogashira coupling reaction with 2,2-
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dimethylpropargyl alcohol yielded compound 192. Final removal of the propan-2-
ol group with sodium hydroxide in toluene gave the terminal alkyne 193. 
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Scheme 4.19 Synthesis of terminal alkyne 193. Reagents and yields: (a) tert-butyl alcohol, 
pyridine, CH2Cl2, 79%; (b) PdCl2(PPh3)2, CuI, PPh3, Et3N, THF, 99%; (c) 
NaOH, toluene, 40%. 
 
 The remainder of the synthesis of maleimide 163 is outlined in Scheme 4.20. 4-
tert-Butylphenylacetylene was coupled to ethyl 3-bromo-5-iodobenzoate 189 under 
standard Sonogashira conditions to give 194; the reaction temperature was 
maintained at 50 °C to avoid dicoupling. The ester 194 was exposed to basic 
conditions in order to hydrolyse the ethyl ester. The acid 195 was then converted to 
an acid fluoride; the activated intermediate 196 was prepared using cyanuric 
fluoride in the presence of pyridine. Subsequent coupling with an excess of 1,4-
phenylenediamine yielded the amide 197, which was isolated from the 
disubstituted product and the excess of diamine 169 by column chromatography. 
The terminal alkyne 193 was then coupled to 197 under standard Sonogashira 
conditions. The amine 198 obtained could not be isolated pure by column 
chromatography because the starting material and the product have the same 
retention factor (0.5, cyclohexane/EtOAc 1:1). Since the amine dominates the 
polarity, the crude amine was directly converted to the desired maleimide 163 by 
hydrolysis of the tert-butyl ester and reaction with maleic anhydride.  
 Disappointingly, maleimide 163 could not be utilised to build the potential self-
replicating rotaxane 185 as a result of its extremely poor solubility in non-polar 
solvents (chloroform, dichloromethane, 1,1,2,2-tetrachloroethane, carbon 
tetrachloride, acetonitrile, toluene). Maleimide 163 has a much greater solubility in 
methanol, dioxane, tetrahydrofuran and dimethylsulfoxide. But such solvents 
could not be utilized as additive in a chloroform solution of 163 to increase its 
solubility, because they act as competitive inhibitors of the two binding events 
taking place in the system (the association of the macrocycle with the binding site 
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and the recognition between the complementary recognition sites). This solubility 
problem forced us once again to reconsider the design of the system. 
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Scheme 4.20 Synthesis of maleimide 163. Reagents and yields: (a) PdCl2(PPh3)2, CuI, PPh3, 
Et3N, THF, 90%; (b) NaOH, 1,4-dioxane, MeOH, 100%; (c) Cyanuric fluoride, 
pyridine, CH2Cl2, 99%; (d) CH2Cl2, 79%; (e) PdCl2(PPh3)2, CuI, PPh3, Et3N, 
THF, then (f) TFA, CH2Cl2, then (g) AcOH, 36% (over 3 steps). 
 
 
4.4 Component L incorporating an amide binding site—reverse 
recognition site 
 
4.4.1 Design of a potential self-replicating rotaxane 
 
 An envisaged solution to the solubility issues was to reverse the location of the 
recognition sites on the L and S components of the rotaxane design. Accordingly, a 
new system was designed (Scheme 4.21) in which the amidopyridine recognition 
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site is situated on the maleimide (building block L) and the carboxylic acid 
recognition site on the nitrone (building block S). Once again, the substitution 
pattern on nitrone 201 was designed to prevent pseudorotaxane formation between 
the nitrone and macrocycle 130. 
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Scheme 4.21 Retrosynthesis of a potential self-replicating rotaxane containing a 
diarylamide binding site. 
 
 Overall, these changes give rise to a design in which the trans diastereoisomer of 
both the thread and the corresponding rotaxane (Figure 4.6) is predicted 
computationally to provide the correct geometry to support replication. 
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Figure 4.6 Stick representation of the calculated structure (OPLS2005/GB/SA CHCl3 
solvation) of the product duplex of trans-200. Carbon atoms are coloured 
orange in the linear components and green in the macrocyclic components of 
the [2]rotaxanes, oxygen atoms red, nitrogen atoms blue and hydrogen atoms 
white (most hydrogen atoms have been removed for clarity). Hydrogen 
bonds are shown as dashed lines. 
 
 
4.4.2 Synthesis of the maleimide 
 
 Similarly to the synthesis of maleimide 163, the key issue of the synthesis of 
maleimide 202 is the selective coupling of the two parts of the stoppers. The 
terminal alkyne 207 was prepared in three steps (Scheme 4.22) from 2-amino-4,6-
dimethylpyridine 177 with 4-iodobenzoyl chloride 203 to give the amide 204, 
followed by a Sonogashira coupling reaction with trimethylsilylacetylene to yield 
206. Final removal of the trimethylsilyl group with tetrabutylammonium fluoride 
in tetrahydrofuran gave the terminal alkyne 207. 
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Scheme 4.22 Synthesis of terminal alkyne 207. Reagents and yields: (a) Et3N, CH2Cl2, 96%; 
(b) PdCl2(PPh3)2, CuI, PPh3, Et3N, THF, 95%; (c) TBAF, THF, 100%. 
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Scheme 4.23 Synthesis of maleimide 202. Reagents and yields: (a) H2SO4, MeOH, 97%; (b) 
PdCl2(PPh3)2, CuI, PPh3, Et3N, THF, 95%; (c) PdCl2(PPh3)2, CuI, PPh3, Et3N, 
THF, 74%; (d) NaOH, 1,4-dioxane, MeOH, 92%; (e) cyanuric fluoride, 
pyridine, CH2Cl2, 100%; (f) CH2Cl2, 51%; (g) AcOH, 61%. 
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 The remainder of the synthesis of maleimide 202 is outlined in Scheme 4.23. 
Since 3-bromo-5-iodobenzoic acid became commercially available, it was directly 
used as starting material. The acid 208 was first converted to its methyl ester, 
which was then coupled with 4-tert-butylphenylacetylene under standard 
Sonogashira conditions to give 210. The temperature of the latter reaction was 
maintained at 45 °C to avoid dicoupling. In contrast to the synthesis of maleimide 
163, the second terminal alkyne was coupled right after the first one, to avoid the 
purification difficulties encountered with amines. The coupling of the terminal 
alkyne 207 to 210 under standard Sonogashira conditions gave 211. The ester 211 
was exposed to basic conditions in order to hydrolyse the methyl ester. The acid 
212 was then converted to an acid fluoride; the activated intermediate 213 was 
prepared using cyanuric fluoride in the presence of pyridine. Subsequent coupling 
with an excess of 1,4-phenylenediamine yielded the amide 214, which was isolated 
from the disubstituted product and the excess of diamine 169 by column 
chromatography. Finally, reaction with maleic anhydride afforded the maleimide 
202. 
 
4.4.3 Binding study of the [L!M] complex 
 
 The ability of maleimide 202 to associate with macrocycle 130 was assessed by 
performing a binding experiment. An equimolar solution of macrocycle 130 and 
maleimide 202 in CDCl3 was prepared and analysed by 
1H NMR spectroscopy. The 
1H NMR spectrum of this mixture indicates that the bound/unbound species 
equilibrate slowly with one another on the 1H NMR timescale. This phenomenon 
allowed the determination of the association constant using the single-point 
method; Ka was estimated to be 310 M
–1 in CDCl3 at 25 °C. The chemical shift 
changes observed are typical of pseudorotaxane formation (Scheme 4.24) and are of 
similar nature to those observed for pseudorotaxane [130!172]: downfield shift of 
the macrocycle NH protons (+0.92 ppm), upfield shifts of the macrocycle 
phenylene protons (–0.51 and –0.57 ppm), and complex pattern in the CH2 region 
(analogous to the one shown on Figure 4.1) resulting from the resonances of the 
macrocycle methylene groups rendered magnetically inequivalent (see Figure 4.7). 
Downfield shifts of the guest maleimide protons (+0.04 ppm) and methyl protons 
(see Figure 4.8) were also observed. 
 
4. Integrating self-replication with the formation of rotaxanes 110 
 
O
O O
NN
N
OO
N
O
NH
O
N
O
NH
O
HN
O O
O
130 [130.202]
202
+
H H
H
N
N
O
O
O
O
HN
OHN
O
1
2
3
8
12
1*
2*
3*
8*
12*
N
N
1
10
14
1*
10*
14*
 
Scheme 4.24 Self-assembly of maleimide 202 with macrocycle 130 to form the 
pseudorotaxane [130!202]. 
 
 In order to gain some physical insight into the nature of the binding interaction 
between macrocycle 130 and maleimide 202, the thermodynamic parameters were 
measured. The binding association constant Ka leads directly to the Gibbs free 
energy !G° via Eq. 4.1. 
 
 !G° = "RT lnK
a
 (Eq. 4.1) 
 
 The enthalpy !H° and the entropy !S° can be determined by a van't Hoff 
analysis. The association constant Ka for this binding interaction was first measured 
over a significant temperature range. An 1H NMR spectrum of the CDCl3 
equimolar solution of macrocycle 130 and maleimide 202 was recorded at 35, 25, 
10, 0 and –10 °C. Variable-temperature spectra of the macrocycle methylene 
resonances region are shown in Figure 4.7. Figure 4.8 displays the partial variable-
temperature spectra of the following selected resonances: the macrocycle pyridine 
proton H12, the maleimide methyl groups H10 and H14, and the maleimide tert-butyl 
group H1. It is clear from the observation of these spectra that the ratio bound over 
free species increases upon diminution of the temperature. The association constant 
Ka at each temperature was evaluated using the single-point method. The table on 
Figure 4.9 (left) shows how Ka changes as a function of temperature; Ka was 
estimated to be 220 M–1 at 35 °C and increases to 780 M–1 at –10 °C. 
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Figure 4.7 Macrocycle methylene resonances region of the variable temperature 1H 
NMR (499.9 MHz, CDCl3, 20 mM) binding study of an equimolar mixture of 
macrocycle 130 and maleimide 202. For labelling scheme, see Scheme 4.24. 
Star symbols coincide with the corresponding proton in the pseudorotaxane 
form. 
 
Figure 4.8 Partial regions of the variable temperature 1H NMR (499.9 MHz, CDCl3, 20 
mM) binding study of an equimolar mixture of macrocycle 130 and 
maleimide 202. For labelling scheme, see Scheme 4.24. Star symbols coincide 
with the corresponding proton in the pseudorotaxane form. 
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 This variable-temperature binding study permitted to carry out a van't Hoff 
analysis by plotting R!lnKa as a function of the inverse temperature 1/T (Figure 4.9, 
right). 
 
 
 T / K Ka / M
–1 
 308 220 
 298 310 
 283 550 
 273 690 
 263 780 
 
 
 
Figure 4.9 (Left) Binding constants Ka at various temperature for the association of host 
130 and guest 202 in CDCl3. (Right) Van't Hoff plot for host 130 and guest 202 
in CDCl3 with best fit curve following Eq. 4.6. 
 
 In a van't Hoff analysis where the heat capacity "CP° of the solution does not 
change, the data are fitted to Eq. 4.2, obtaining a straight line. The enthalpy "H° can 
be determined from the slope and the entropy "S° from the intercept. 
 
 R lnK
a
= !
"H °
T
+ "S°  (Eq. 4.2) 
 
 However, the van't Hoff plot for the VT binding study of host 130 and guest 202 
exhibits curvature, such that "CP° cannot be neglected.
125 Since the slope of the plot 
is related to "H°, a curve plot (i.e., one with a changing slope) indicates that "H° 
changes over the temperature range studied and that the heat capacities of the 
reactants and products are different ("CP° # 0). Fitting R!lnKa versus 1/T requires 
now Eq. 4.6, obtained by substituting, in Eq. 4.3, the Gibbs free energy with Eq. 4.1, 
the enthalpy with Eq. 4.4 and the entropy with Eq. 4.5. 
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 !G° = !H ° " T!S°  (Eq. 4.3) 
 
 !H ° = !H
0
+ T!C
P
°  (Eq. 4.4) 
 
 !S° = !S
0
+ !C
P
° lnT  (Eq. 4.5) 
 
 R lnK
a
= !
"H
0
T
+ "C
P
° lnT + "S
0
! "C
P
°( )  (Eq. 4.6) 
 
 The data were thus fit to Eq. 4.6, using KaleidaGraph (Synergy Software, version 
4.03, 2006). When fitting experimental data, the three variables !H°, !S° and !CP° 
are adjusted to obtain the best fit. Eq. 4.6 does fit the data quite well (Figure 4.9, 
right); the use of a constant !CP° gives good fits to the data. The best fit gave !CP° = 
–632.3 J"mol–1"K–1, !H0 = 161.0 kJ"mol
–1 and !S0 = 3.6 J"mol
–1
"K–1. Then, to get !H° 
and !S° at a particular temperature, Eqs. 4.4 and 4.5 were used. Table 4.2 presents 
the results of this study to determine the thermodynamic parameters for the 
binding reaction of macrocycle 130 and maleimide 202. Figure 4.10 displays the 
variation of !G°, !H°, and T!S° with temperature for this association process. 
 
Table 4.2 Thermodynamic data for the binding reaction of host 130 and guest 202. 
T / K !G° / kJ.mol–1 !H° / kJ.mol–1 !S° / J.mol–1.K–1 –T!S° / kJ.mol–1 
308 –13.9 –34.2 –66.2 20.4 
298 –14.3 –27.9 –45.3 13.5 
283 –14.8 –18.4 –12.7 3.6 
273 –14.8 –12.1 10.1 –2.7 
263 –14.6 –5.7 33.6 –8.9 
 
 Figure 4.10 shows that !G° is relatively insensitive to temperature. However 
substantial variations in !H° and T!S° with temperature are observed. At high 
temperatures the origin of the binding force is enthalpic, and at lower temperatures 
entropy is the primary driving force for complexation. This association process 
exhibits compensation of enthalpic and entropic contributions to afford a relatively 
temperature invariant !G°; stronger binding (enthalpy more favourable) means 
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also restricted movement of the compounds involved in the binding event (entropy 
less favourable), therefore compensating for each other with respect to the Gibbs 
free energy. The enthalpy/entropy compensation is a fundamental property of 
noncovalent interactions.126 
 
 
Figure 4.10 Variation of !G° (!), !H° (!), and –T!S° (!) with temperature for the 
binding reaction of host 130 and guest 202. 
 
4.4.4 Synthesis of the nitrone 
 
 The construction of potential self-replicating rotaxane 200 (Scheme 4.21) requires 
also the preparation of nitrone 201 (Scheme 4.25). Dimethyl 5-hydroxyisophthalate 
215 was used as starting material. Reaction with 1-bromopropane under basic 
conditions gave 217. Ester 217 was converted to the corresponding alcohol with 
lithium aluminium hydride. Subsequent bromination with carbon tetrabromide 
yielded 219. Treatment of 219 with one equivalent of potassium cyanide gave a 
mixture of mono- and disubstituted product, along with unreacted starting 
material. Compound 220 was isolated from this mixture by column 
chromatography. The alkyl bromide 220 was then converted to an aldehyde 
through Sommelet reaction. Compound 221 was subsequently hydrolysed under 
acidic conditions to give the corresponding phenylacetic acid 222. The preparation 
of the nitrone was then carried out following the same strategy as for nitrones 77 
and 182. 1-tert-Butyl-4-nitrobenzene 138 was reduced to the corresponding 
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hydroxylamine with the KBH4/BiCl3 system;
119 once isolated, 139 was reacted 
immediately with the key aldehyde 222 to give final nitrone 201. 
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Scheme 4.25 Synthesis of nitrone 201. Reagents and yields: (a) K2CO3, CH3CN, 95%; (b) 
LiAlH4, THF, 82%; (c) CBr4, PPh3, THF, 86%; (d) KCN, 18-crown-6, CH3CN, 
38%; (e) 1. HMTA, H2O, EtOH, 2. HCl, 57%; (f) H2SO4, AcOH, H2O, 77%; (g) 
BiCl3, KBH4, EtOH, H2O, then (h) EtOH, 56% (over 2 steps). 
 
 A binding study with nitrone 201 and macrocycle 130 showed that the 
macrocyclic component does not form a pseudorotaxane with the nitrone guest; no 
change on the 1H NMR spectrum of macrocycle 130 was observed upon addition of 
guest 201. This experiment confirms that both ends of nitrone 201 are large enough 
to prevent the nitrone from threading through the cavity of the macrocycle. 
 
4.4.5 Kinetic study of the thread 
 
 Gratifyingly, all components of the potential rotaxane replicator 200 (Scheme 
4.21) were sufficiently soluble in CDCl3 to permit the study of their behaviour. The 
kinetic studies were first carried out in the absence of macrocycle, in order to 
investigate the behaviour of the thread in isolation. Two sets of kinetic experiments 
were conducted in order to determine the behaviour of the thread. The first 
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experiment is a bimolecular control. Maleimide 172 was identified as a suitable 
control compound, since it possesses the same chemical functionality as the 
maleimide building block of the thread replicator, but is incapable of participating 
in any recognition-mediated processes, its recognition site having been removed. 
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Scheme 4.26 Cycloaddition between nitrone 201 and maleimide 172 affording the 
isoxazolidines trans-223 and cis-223. 
 
 The kinetic behaviour of the system shown in Scheme 4.26 was studied by 
measuring the kinetics of the reaction between nitrone 201 and maleimide 172 in a 
solution of CDCl3 at 25 °C from starting concentrations of the two reagents of 20 
mM. The time course of the reaction was evaluated by 1H NMR spectroscopic 
analysis (500 MHz), which monitored the disappearance of the resonance that 
arises from the maleimide protons present in 172 at ! 6.85 and the simultaneous 
appearance of the resonance that arise from the trans cycloadduct at ! 5.75 and that 
from the cis cycloadduct at ! 5.21–5.15. Profile of concentration versus time for the 
formation of the two cycloadducts (Figure 4.11.a) was constructed by 
deconvolution of these resonances. Reaction between nitrone 201 and maleimide 
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172 leads to 67% overall conversion after 16 hours, and to a diastereoisomeric 
mixture of the isoxazolidines. The reaction is rather unselective with a 2:1 ratio, in 
favour of trans-223. This trans/cis ratio is typical of control reaction between a 
maleimide and a nitrone in which recognition cannot play a role. 
 
(a) 
 
(b) 
 
Figure 4.11 Concentration vs. time profile for reaction (25 °C, CDCl3, 20 mM) between (a) 
201 and 172, (b) 201 and 202. The formation of trans cycloadduct is shown as 
filled circles, and that of cis cycloadduct as open circles. 
 
 In order to investigate the effect that recognition-mediated processes might have 
upon this reaction, a second kinetic experiment was conducted. Nitrone 201 was 
reacted with maleimide 202, which bears a recognition site, under identical 
conditions to those described above, to afford the corresponding isoxazolidines 
(Scheme 4.27). The 1H NMR analysis monitored the disappearance of the resonance 
that arises from the maleimide protons present in 202 at ! 6.85–6.84 and the 
simultaneous appearance of the resonance that arise from the trans cycloadduct at ! 
5.84–5.81 and that from the cis cycloadduct at ! 4.83–4.78. The profile of 
concentration versus time for the formation of the thread (Figure 4.11.b) reveals 
that, after 16 h at 25 °C in CDCl3 from starting concentrations of the two reagents of 
20 mM, the total conversion was 59% and the trans-224/cis-224 ratio was 15:1. The 
substantial increase of the trans/cis ratio for the formation of the cycloadducts 
compared to the bimolecular control reaction is a clear evidence that molecular 
recognition plays a role. These preliminary results are encouraging. 
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Scheme 4.27 Cycloaddition between nitrone 201 and maleimide 202 affording the 
isoxazolidines trans-224 and cis-224. 
 
4.4.6 Kinetic study of the rotaxane 
 
 A kinetic experiment was then conducted on the same reaction, but in the 
presence of macrocycle 130, in order to study the potential of rotaxane 200 to 
behave as a replicator. Four possible products can be formed during this reaction 
(Scheme 4.28). They all emanate from the central binding event, the reversible 
formation of pseudorotaxane [130!202]. The [130!202] complex can react with 
nitrone 201 to form trans- and cis-rotaxane 200. Alternatively, unbound maleimide 
202 can react with nitrone 201 to form trans- and cis-thread 224. 
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Scheme 4.28 Possible reaction pathways during the formation of potential self-replicating 
rotaxane 200. Nitrone 201 can either react with unbound maleimide 202 to 
afford trans- and cis-thread 224, or with pseudorotaxane  [130!202] to afford 
trans- and cis-rotaxane 200. 
 
 An equimolar solution of maleimide 202 and macrocycle 130 in CDCl3 was 
equilibrated at 25 °C for 1 hour, before addition of nitrone 201 to this mixture. The 
starting concentration of the three reagents is 20 mM. The time course of the 
reaction was evaluated by 1H NMR spectroscopic analysis (500 MHz), which 
monitored the appearance of the resonances (Figure 4.12) of proton H3 that arise 
from the trans-thread at ! 5.80–5.83, of proton H3 that arise from the trans-rotaxane 
at ! 5.76, of proton H1 that arise from the cis-thread at ! 5.29–5.30, and of proton H1 
that arise from the cis-rotaxane at ! 5.20–5.25. The disappearance of the resonance 
that arises from starting material could not be monitored because of peaks 
overlapping. Therefore tetrakis(trimethylsilyl)silane was used as internal standard 
to calculate the concentrations of the different cycloadducts. 
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Figure 4.12 Partial 1H NMR spectrum (499.9 MHz, 25 °C, CDCl3) of the reaction between 
130, 201 and 202 after 16 h. 
 
 The rate profile for the reaction between 130, 201 and 202 is shown on Figure 
4.13.a. As mentioned above, the conversion was 59% after 16 h in the absence of 
macrocycle. In the presence of 1 equivalent (20 mM) of macrocycle 130, the 
conversion after 16 h dropped to only 47%. More worryingly, the ratio of rotaxane 
200 to thread 224 was 0.44:1, i.e., there was more thread present than rotaxane. The 
diastereoisomeric ratio of the thread in this reaction was now only 7:1 in favour of 
the trans stereoisomer. Interestingly, the ratio of diastereoisomers observed for 
rotaxane 200 was 1.4:1 in favour of the cis stereoisomer. 
 Given the sub-optimal binding constant for the association of macrocycle 130 
with maleimide 202, it was first thought that the poor performance of the system 
reflected the fact that insufficient pseudorotaxane [130!202] was present in 
solution. In order to address this problem, the reaction was repeated, again under 
the same conditions, but now in the presence of 3 equivalents (60 mM) of 
macrocycle 130. The conversion after 16 h (Figure 4.13.b) dropped to only 37%. 
Gratifyingly, the ratio of rotaxane 200 to thread 224 was now 2.6:1, i.e., there was 
now more rotaxane present than thread. The diastereoisomeric ratio of the thread 
224 in this reaction was still 7:1 in favour of the trans stereoisomer and, in this case, 
the ratio of diastereoisomers observed for rotaxane 200 was 1.1:1 in favour of the cis 
stereoisomer. Although the addition of macrocycle operated in the manner 
expected—increasing the rotaxane/thread ratio—it also reduced the reactivity of 
the system markedly. 
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(a) 
 
(b) 
 
Figure 4.13 Concentration vs. time profile for reaction (25 °C, CDCl3, 20 mM) between 
201 and 202 in the presence of (a) 1 equiv and (b) 3 equiv of 130. The 
formation of trans thread is shown as blue filled circles, cis thread as blue 
open circles, trans rotaxane as red filled circles, and cis rotaxane as red open 
circles. 
 
 Taken together, the results of the kinetic experiments were disappointing. The 
finally selected rotaxane replicator design targeted a trans selective replicator. 
Although the formation of the thread appears to be somewhat selective for the 
trans diastereoisomer as expected, this selectivity is lost when macrocycle 130 is 
added to the reaction mixture. Indeed, the formation of rotaxane 200 is slightly 
selective for the cis diastereoisomer. Additionally, the overall conversion decreases 
rapidly when the macrocycle concentration is increased implying that the 
pseudorotaxane complex [130!202] is, for some reason, somewhat unreactive. 
 
4.4.7 Additional binding study 
 
 In order to understand the results of these kinetic studies, additional 
experiments were conducted. The low reactivity of the bound maleimide was 
initially suspected to originate from the mode of binding of the macrocycle. If the 
NHs of the macrocycle formed hydrogen bonds with the carbonyl of the maleimide 
(Figure 4.14.b) instead of the carbonyl of the amide (Figure 4.14.a), the attack of the 
nitrone would be prevented through the steric obstruction of the !-face of the 
maleimide double bond. 
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(a) 
 
(b) 
 
Figure 4.14 Stick representations of the calculated structures (OPLS2005/GB/SA CHCl3 
solvation) of the pseudorotaxane complexes formed between macrocycle 130 
and maleimide 227. (a) Macrocycle amide NH groups hydrogen bond to 
maleimide amide C=O oxygen atom. In this geometry, the maleimide amide 
NH does not interact with the ether oxygens on macrocycle. (b) Macrocycle 
amide NH groups hydrogen bond to a maleimide ring C=O oxygen and the 
maleimide amide NH hydrogen bonds to an ether oxygen atom on 
macrocycle. Carbon atoms are coloured orange in the guests and green in the 
macrocycles, oxygen atoms red, nitrogen atoms blue and hydrogen atoms 
white (most hydrogen atoms have been removed for clarity). Hydrogen 
bonds are shown as dashed lines. 
 
 In order to test this hypothesis, a model maleimide was prepared. Maleimide 
227 was chosen for its simple structure, in order to keep its 1H NMR spectrum not 
too crowded. Maleimide 227 was synthesised (Scheme 4.29) in quantitative yield in 
two steps, by coupling 4-hexylbenzoyl chloride 225 with 1,4-phenylenediamine 169 
to form 226, which was converted to maleimide 227 by reaction with maleic 
anhydride. 
 
4. Integrating self-replication with the formation of rotaxanes 123 
 
NH
O
N
O
O
O
O
O
(b)
227
NH
O
H2NCl
O
H2N NH2
(a)
226
169
171
225
 
Scheme 4.29 Synthesis of maleimide 227. Reagents and yields: (a) CH2Cl2, 100%; (b) AcOH, 
100%. 
 
 
Figure 4.15 Variable temperature 1H NMR (499.9 MHz, CDCl3, 5 mM) binding study of 
an equimolar mixture of macrocycle 130 and maleimide 227. 
 
 An equimolar solution of macrocycle 130 and maleimide 227 in CDCl3 was 
prepared and analysed by 1H NMR spectroscopy. The 1H NMR spectrum of this 
mixture at 25 °C (Figure 4.15, bottom spectrum) displays broad peaks because of 
intermediate exchange rates on the NMR timescale, which precluded its analysis. A 
variable temperature study was therefore carried out. A 1H NMR spectrum of the 
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Figure 4.16 (a) Labelling scheme for macrocycle 130 and maleimide 227. (b) Partial 
ROESY spectrum (499.9 MHz, –30 °C, CDCl3, 25 mM) of an equimolar 
mixture of macrocycle 130 and maleimide 227. Star symbols coincide with the 
corresponding proton in the pseudorotaxane form. (c) ROESY contacts 
observed for the complex between host 130 and guest 227 are shown as blue 
arrows. 
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mixture was recorded at 10, 0, –15, –30, –45, –55 °C (Figure 4.15). The exchange rate 
between bound and unbound forms was sufficiently slowed down at –30 °C to 
obtain different sets of resonances for free macrocycle, unbound maleimide and 
pseudorotaxane complex. The association constant Ka of the complex [130!227] was 
estimated to be 360 M–1 in CDCl3 at –30 °C. 
 A two-dimensional ROESY NMR study at –30 °C (Figure 4.16.b) gave detailed 
structural informations about the complex formed between host 130 and guest 227. 
Inspection of the 2D ROESY NMR spectrum revealed cross peaks between the 
maleimide aromatic protons H18 and H23 and the macrocycle NH protons H9, the 
macrocycle aromatic protons H5 and H6, and the macrocycle methylene protons H2. 
Cross peaks were also observed between the macrocycle methylene protons H2 and 
the maleimide NH proton H20 and the maleimide aromatic protons H24. No cross 
peaks were observed with the maleimide protons H14 and H17. The analysis of the 
ROESY experiment proved unambiguously that the macrocycle binds the amide-
binding site only, and, therefore, the pseudorotaxane has the expected geometry 
shown in Figure 4.14.a. 
 
 
4.4.8 Computational study 
 
 In order to investigate the reduced reactivity of the bound maleimide 202 
further, electronic structure calculations were applied. Given the large size of the 
system, semi-empirical methods were used for these calculations. A semi-empirical 
method that was capable of locating a high quality transition state structure for the 
dipolar cycloaddition was desired. Hence, the transition state for the dipolar 
cycloaddition between N-phenylmaleimide and diphenylnitrone was located using 
density functional methods (B3LYP/6-31G+(d,p)). The available semi-empirical 
methods—AM1,127 PM3,128 RM1129 and PM6130—were then screened against this 
transition state structure. The RM1 method gave the closest match to the DFT 
transition state structure and it was therefore decided to proceed with the 
calculations involving the macrocycle using this method. 
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Figure 4.17 Stick representations of the calculated (RM1 semi-empirical method) 
transition state structures leading to the trans diastereoisomer for (a) the 
reaction between model nitrone 228 and model maleimide 229 and (b) the 
reaction between model nitrone 228 and the complex between model 
maleimide 229 and macrocycle 130. The tert-butyl group of 228 is essentially 
in van der Waals contact with the diethylene glycol loop in macrocycle 130, 
as illustrated in the space filling model (c). Carbon atoms are coloured orange 
in linear components and green in macrocycles, oxygen atoms red, nitrogen 
atoms blue and hydrogen atoms white (most hydrogen atoms have been 
removed for clarity). Hydrogen bonds are shown as dashed lines and 
forming bonds as dotted lines. 
 
 The transition states accessed by the dipolar cycloaddition reaction between a 
model maleimide 229 and a model nitrone 228 were calculated using RM1 in the 
presence and in the absence of macrocycle 130. The transition state structures 
located are shown in Figure 4.17. It is immediately apparent from the calculated 
structures that the association of macrocycle 130 with the amide-binding site exerts 
a remote steric effect on the transition state. The tert-butyl group of the nitrone is 
located close to the bottom diethylene glycol loop of the macrocycle—in fact, in 
that region, part of the diethylene glycol loop and the tert-butyl group are 
essentially in van der Waals contact. This interaction is undoubtedly somewhat 
destabilising to the transition state in the reaction between [130!202] and 201 when 
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compared to the reaction between 202 and 201 in isolation. This observation also 
helps to explain the change observed in the diastereoselectivity of the cycloaddition 
between thread 224 (7:1 trans/cis) and rotaxane 200 (1:1.4 trans/cis). The same kind 
of observation was made between thread 173 and rotaxane 174, and between 
thread 184 and rotaxane 183. In the rotaxane, the cis diastereoisomer is slightly 
favoured, probably reflecting the fact that the tert-butyl group on the nitrone 
interacts more unfavourably with the macrocycle in the trans transition state 
compared with either the carboxymethylene or the propyloxy groups of the nitrone 
in the cis transition state. 
 The results of these calculations suggest that in the framework of the self-
replicating rotaxane, the reactive site on the linear component L must be placed 
sufficiently far away from the binding site to prevent the introduction of a 
supramolecular steric effect131 through the proximity of the macrocyclic component 
M. 
 
 
4.5 Conclusions 
 
 A number of systems have been devised in order to integrate self-replication 
with the formation of rotaxanes. Some of the macrocycle/guest pairs presented in 
Chapter 3 have been successfully incorporated to construct rotaxanes. But 
ultimately, despite careful design, the rotaxane synthesised did not replicate as 
expected. This failure is a consequence of deficiencies in two important design 
criteria. 
 As a result of solubility and synthetic difficulty, a compromise had to be found 
with respect to the macrocycle binding site—substituting a pyridone with an 
amide. This compromise is clearly sub-optimal, since the association constant for 
the pseudorotaxane complex [L!M] must be as high as possible. This requirement 
is essential since the formation of this complex shuts down all kinetic pathways 
that involve free L and, hence, lead to the thread T. The depletion of free L 
therefore concentrates the kinetic flux in the autocatalytic cycle involving the 
rotaxane R. 
 The second reason for this failure is traced to a deleterious supramolecular steric 
effect, operating through the proximity of the macrocyclic component M of the 
pseudorotaxane [L!M] to the transition state for the stoppering reaction. This 
supramolecular steric effect, identified computationally, renders the linear 
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component L much less reactive within the [L!M] complex. The activation barrier 
for the reaction of the [L!M] complex is higher than that for the reaction of L is 
absence of macrocycle. Therefore the rate for rotaxane formation is lower than that 
of thread formation. The product ratio is determined by the relative heights of the 
barriers and not by the relative stabilities of the intermediates; this observation is 
an illustration of the Curtin-Hammett principle. 
 
 
 129 
 
 
 
 
 
 
 
 
 
 
5 
Self-replicating rotaxanes 
 
 
 The results presented in Chapter 4 showed that it is possible to exploit some of 
the new macrocycles created (see Chapter 3) to synthesise rotaxanes. Efforts 
towards the integration of the synthesis of a rotaxane within self-replicating 
frameworks were also reported. However the ability of the latest system designed 
to self-replicate could not be demonstrated as a result of the low reactivity of the 
[L!M] pseudorotaxane. It is hence crucial to address this problem in order to make 
the rotaxane function as expected. 
 
 
5.1 Model rotaxanes 
 
 The low reactivity of the linear component L within the [L!M] complex was 
identified (Section 4.4.8) as originating from the close proximity of the reactive site 
with the binding site, and, hence, with the macrocyclic component M. A logical 
way to solve this problem is to increase the length of the spacer between the 
reactive site and the binding site. But how long must the spacer be to render L 
reactive enough? Analogues of maleimide 202 can be prepared easily by replacing 
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the 1,4-phenylenediamine 169 with another diamine (see Scheme 4.23 for the 
synthesis of 202). However, synthesising numerous analogues of maleimide 202 
with various spacer lengths in order to select the appropriate one would be very 
time- and material-consuming, considering that the preparation of the key acid 
fluoride 213 already requires 8 synthetic steps. The strategy adopted instead was to 
synthesise models of maleimide 202 that are simpler structurally, and to test their 
reactivity towards the formation of simple non-replicating rotaxanes. 
 
5.1.1 Synthesis of the maleimides 
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Figure 5.1 Spacers of different lengths that could be used instead of 1,4-
phenylenediamine 169. 
 
 In selecting the appropriate spacer, a compromise must be found between 
length and flexibility. Indeed the spacer must be of sufficient length in order to 
keep the reactive site far enough from the binding site. But a spacer that is too 
flexible would also render the whole rotaxane too flexible as well and would 
hamper the ability of the rotaxane to self-replicate. At the same time, a spacer too 
rigid would probably reduce the solubility of maleimide in non-polar solvents. The 
choice of the spacer was also guided by its accessibility; the spacer should be easy 
and quick to synthesise, or, ideally, commercially available. Potential spacers that 
could replace 1,4-phenylenediamine 169 are shown in Figure 5.1. Benzidine 231 
could not be used because of its high toxicity. The utilization of diamine 232 was 
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abandoned, since it would likely render the maleimide poorly soluble in non-polar 
solvents. Therefore, only diamines 230 and 233 were selected. 
 The maleimides required for the synthesis of the model rotaxanes were then 
prepared. The presence of a recognition site is not required; a 3,5-dimethylphenyl 
ring was chosen as stopper. Maleimide 237 was first synthesised (Scheme 5.1); a 
model maleimide containing the 1,4-phenylenediamine 169 spacer is necessary for 
comparison purposes. Maleimide 237 was synthesised in three steps from 3,5-
dimethylbenzoic acid. The acid 234 was converted to an acid fluoride; the activated 
intermediate 235 was prepared using cyanuric fluoride in the presence of pyridine. 
Subsequent coupling with an excess of 1,4-phenylenediamine 169 yielded the 
amide 236, which was isolated from the disubstituted product and the excess of 
diamine 169 by column chromatography. Finally, reaction with maleic anhydride 
afforded the desired maleimide 237. 
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Scheme 5.1 Synthesis of maleimide 237. Reagents and yields: (a) Cyanuric fluoride, 
pyridine, CH2Cl2, 100%; (b) CH2Cl2, 80%; (c) AcOH, 66%. 
 
 The model maleimide containing the spacer 230 was then prepared (Scheme 
5.2). Maleimide 240 was synthesised in three steps from 3,5-dimethylbenzoic acid. 
The acid 234 was converted to an acid chloride by treatment with thionyl chloride. 
The activated intermediate 238 was then coupled with 4-aminobenzylamine 230 to 
yield the amide 239. Finally, reaction with maleic anhydride afforded the desired 
maleimide 240. 
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Scheme 5.2 Synthesis of maleimide 240. Reagents and yields: (a) SOCl2, CHCl3, then (b) 
Et3N, CH2Cl2, 85% (over 2 steps); (c) AcOH, 58%. 
 
 The third and last model maleimide that was synthesised is maleimide 242 
(Scheme 5.3), which contains the spacer 233. Maleimide 242 was prepared in three 
steps from 3,5-dimethylbenzoic acid. The acid 234 was converted to an acid 
chloride by treatment with thionyl chloride. The activated intermediate 238 was 
then coupled with an excess of the commercially available 4,4'-ethylenedianiline 
233 to yield the amide 241. The isolation of 241 was carried out by column 
chromatography. However, as a result of the difficulty of its separation from the 
disubstituted product and from the excess of diamine 233, only a small fraction of 
241 was isolated pure. Finally, reaction with maleic anhydride afforded the desired 
maleimide 242. 
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Scheme 5.3 Synthesis of maleimide 242. Reagents and yields: (a) SOCl2, CHCl3, then (b) 
Et3N, CH2Cl2; (c) AcOH, 47%. 
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5.1.2 Binding study with the maleimides 
 
 The ability of maleimides 237, 240 and 242 to form pseudorotaxanes with 
macrocycle 130 was then assessed by performing binding experiments. An 
equimolar solution of macrocycle 130 and maleimide 237 in CDCl3 was prepared 
and analysed by 1H NMR spectroscopy. The chemical shift changes observed on 
the 1H NMR spectrum of this mixture, compared with the spectra of the isolated 
species, are typical of pseudorotaxane formation and are of similar nature to those 
observed for pseudorotaxanes [130!172] and [130!202]: downfield shift of the 
macrocycle NH protons H9, upfield shifts of the macrocycle phenylene proton H5 
and H6, complex pattern in the macrocycle methylene protons region, upfield shifts 
of the guest maleimide and methyl protons (Table 5.1). The 1H NMR spectrum 
indicates that the bound/unbound species equilibrate slowly with one another on 
the 1H NMR timescale. The association constant Ka was determined using the 
single-point method and was estimated to be 70 M–1 in CDCl3 at 25 °C. 
 An equimolar solution of macrocycle 130 and maleimide 240 in CDCl3 was then 
prepared and analysed by 1H NMR spectroscopy. Surprisingly, the 1H NMR 
spectrum shows that almost only unbound species are present; just very little 
bound species can be detected. This experiment demonstrates that guest 240 cannot 
thread easily through the cavity of the macrocycle. 
  An equimolar solution of macrocycle 130 and maleimide 242 in CDCl3 was 
finally prepared and analysed by 1H NMR spectroscopy. The chemical shift 
changes observed on the 1H NMR spectrum of this mixture, compared with the 
spectra of the isolated species, are typical of pseudorotaxane formation and are of 
similar nature to those observed for pseudorotaxanes [130!172], [130!202] and 
[130!237]: downfield shift of the macrocycle NH protons H9, upfield shifts of the 
macrocycle phenylene proton H5 and H6, complex pattern in the macrocycle 
methylene protons region, upfield shifts of the guest maleimide and methyl 
protons (Table 5.1). The 1H NMR spectrum indicates that the bound/unbound 
species equilibrate slowly with one another on the 1H NMR timescale. The 
association constant Ka was determined using the single-point method and was 
estimated to be 50 M–1 in CDCl3 at 25 °C. 
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Table 5.1 Differences of chemical shifts (in ppm) between the free and the bound 
species for selected protons upon complexation of macrocycle 130 with either 
guest 237 or 242. 
Proton observed Guest 237 Guest 242 
H9 +1.09 +1.21 
H12 +0.12 +0.11 
H5 –0.60 –0.61 
H6 –0.63 –0.65 
H8 
+0.05 (dd) 
–0.19 (dd) 
–0.02 (dd) 
–0.14 (dd) 
H3 –0.41 (AB) –0.41 (AB) 
M
a
cr
o
cy
cl
e 
H1+H2 
complex 
pattern 
complex 
pattern 
maleimide –0.06 — 
G
u
es
t 
Me –0.21 –0.21 
 
 Two conclusions can be drawn from these experiments. Firstly the association 
constants for pseudorotaxanes [130!237] and [130!242] are somewhat lower than 
those for pseudorotaxanes [130!172] and [130!202] (Ka !300 M
–1). This result 
suggests that the Ka for the association between macrocycle 130 and diarylamide 
guests containing one blocking group is lower when the stopper is 3,5-dimethyl 
substituted. This diminution of the Ka is likely to be a consequence of the steric 
hindrance of the methyl groups. Since maleimides 237 and 242 can indeed form 
pseudorotaxanes with macrocycle 130, they can be utilised to build the model 
rotaxanes. However, they are not perfect models of maleimide 202 since their Ka 
values for the association with the macrocycle are slightly different. 
 Maleimide 240 cannot form a pseudorotaxane effectively with macrocycle 130 
and this observation will prevent the utilization of 4-aminobenzylamine as spacer. 
It is interesting to note that the addition of a methylene group has the consequence 
of restricting the threading of the guest through the cavity of macrocycle 130. This 
observation prompted the execution of additional binding experiments. 
 
5.1.3 Additional binding study 
 
 The presence of extra methylene groups between the amide binding site and the 
phenyl ring of amide guests appears to have an influence upon their association 
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with macrocycles. In order to study this impact, three new simple amide guests 
were synthesised (Scheme 5.4). Each amide was synthesised in two steps starting 
from 3,5-dimethylbenzoic acid. The acid 234 was converted to an acid chloride by 
treatment with thionyl chloride. The activated intermediate 238 was then coupled 
with either aniline 243, benzylamine 245 or 2-phenylethylamine 247 to yield 
respectively amides 244, 246 and 248. 
 
R
O
NH
O
244
234   R = OH
238   R = Cl
(a)
NH
O
246
NH
O
248
NH2
NH2
NH2
243
245
247
(b)
(c)
(d)
 
Scheme 5.4 Synthesis of amides 244, 246 and 248. Reagents and yields: (a) SOCl2, CHCl3, 
then (b) Et3N, CH2Cl2, 90% (over 2 steps); (c) Et3N, CH2Cl2, 88% (over 2 steps); 
(d) Et3N, CH2Cl2, 61% (over 2 steps). 
 
 An equimolar solution of macrocycle 130 and amide 244 in CDCl3 was prepared 
and analysed by 1H NMR spectroscopy at 25 °C. The chemical shift changes 
observed on the 1H NMR spectrum are characteristic of the guest being located 
within the host and are comparable to those observed for the pseudorotaxane 
[130!131] (the complex is in fast exchange): downfield shift of the macrocycle NH 
protons H9 (+0.59 ppm), upfield shifts for the resonances for the macrocycle 
phenylene protons H5 and H6 and that of the guest aromatic protons, upfield shifts 
of the macrocycle methylene protons H8 (–0.05 ppm) and H3 (–0.19 ppm), and 
splitting of the originally overlapping macrocycle methylene protons H1 and H2. 
 Binding experiments with amides 246 and 248 were also carried out, in the same 
conditions. No clear evidence of pseudorotaxane formation could be detected in 
the 1H NMR spectra of either of the two solutions at 25 °C. Only slight broadening 
of the resonances arising from the macrocycle methylene protons was observed, 
which is an indication of binding to some extent. Cooling down both mixtures at –
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30 °C allowed in each case bound and unbound species to equilibrate more slowly 
with one another on the 1H NMR timescale. These experiments revealed that the 
presence of one or two methylene groups in ! of the amide binding site brings 
about restriction in the association of the guest with the macrocycle. 
 
 Numerous binding experiments with macrocycle 130 have been carried out so 
far. The different types of guests employed are summarised and represented 
schematically in Figure 5.2. Diarylamides are the most appropriate guests for 
macrocycle 130, the cavity of which is rather small. The first guest found to form a 
pseudorotaxane with macrocycle 130 was benzanilide, which is the prototype 
guest. Appending a methyl group either in the 4- or 3-position of the phenyl rings 
does not prevent the ability of the guest to associate with macrocycle 130. However 
appending a 4-tert-butyl group or employing a 3,5-disubstituted phenyl ring 
render the end group too large to thread trough the cavity of the macrocycle. If 
none of the ends of the amide guest possess a blocking group, the bound and the 
free species equilibrate quickly with one another the 1H NMR chemical shift 
timescale at 25 °C (Figure 5.2.a). If both sides of the amide guest are blocked with a 
stopper, the guest cannot pass through the cavity of the host and no 
pseudorotaxane is formed (Figure 5.2.d). On the other hand, if only one end of the 
guest is blocked, the guest can still thread through the cavity of the macrocycle, 
and the bound/free species still equilibrate quickly (Figure 5.2.b). However if the 
other end contains a maleimide, a steric barrier is imposed and the binding 
becomes constricted. The on and off rates are hence lower and the bound/free 
species equilibrate slowly on the chemical shift timescale (Figure 5.2.c). 
 In conclusion, the association between diarylamides and macrocycle 130 
proceeds smoothly. However modifying this prototype guest with incorporation of 
a triple bond, such in guest 146, or with methylene groups, such in guests 240, 246 
and 248, has a deleterious effect on the strength of association. 
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Figure 5.2 The interaction at 25 °C between macroycle 130 and diarylamide guests 
containing either (a) no blocking group, (b) a blocking group at only one end, 
or (c) a maleimide group at one end and a blocking group at the other end, 
results in the formation of a pseudorotaxane. (d) A linear component blocked 
at both ends with a stopper cannot thread through the cavity of macrocycle 
130. Blocking groups are represented schematically by a large black circle (R 
! H). 
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5.1.4 Synthesis of the nitrone 
 
 The construction of simple non-replicating rotaxanes also required the synthesis 
of the nitrone component. A nitrone, that does not contain a recognition site and 
that has end groups sufficiently large to prevent pseudorotaxane formation with 
the macrocycle, was designed and synthesised (Scheme 5.5). The preparation of the 
nitrone was carried out following the same strategy as for nitrones 77, 182 and 201. 
1-tert-Butyl-4-nitrobenzene 138 was reduced to the corresponding hydroxylamine 
with the KBH4/BiCl3 system;
119 once isolated, 139 was reacted immediately with 4-
tert-butylbenzaldehyde 249 to give the desired nitrone 250. 
 
N
O
250139138
(b)(a)
O2N
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Scheme 5.5 Synthesis of nitrone 250. Reagents and yields: (a) BiCl3, KBH4, EtOH, H2O, 
then (b) EtOH, 70% (over 2 steps). 
 
5.1.5 Synthesis of the model rotaxanes 
 
 All the components required for the reactivity study of model maleimides 
towards the formation of simple non-replicating rotaxanes have been synthesised.  
This investigation will compare only maleimides 237 and 242, since constrictive 
binding was observed between maleimide 240 and macrocycle 130. 
 Maleimide 237 was reacted first with nitrone 250, in absence of macrocycle. This 
reaction gave, after 24 hours in CDCl3 at 25 °C with starting concentration of the 
two reagents of 20 mM, the thread 251 in 73% yield, as a 2.2:1 mixture of its trans 
and cis diastereoisomers. The reaction between maleimide 237 and nitrone 250 was 
then performed again under the same conditions, but in the presence of macrocycle 
(Scheme 5.6). A mixture of maleimide 237 and macrocycle 130 was pre-equilibrated 
to allow pseudorotaxane formation. The addition of nitrone 250 gave, after 24 
hours at 25 °C, rotaxane 252 in 14% yield, as a 1.7:1 mixture of its trans and cis 
diastereoisomers, and thread 251 in 50% yield, as a 2.1:1 mixture of its trans and cis 
diastereoisomers. 
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Scheme 5.6 The reaction between maleimide 237, macrocycle 130 and nitrone 250 at 25 °C 
in CDCl3 at starting concentrations of 20 mM afforded, after 24 hours, thread 
251 (50%, trans/cis 2.1:1), resulting from the reaction between nitrone 250 and 
unbound maleimide 237, and rotaxane 252 (14%, trans/cis 1.7:1), resulting 
from the reaction between nitrone 250 and pseudorotaxane [130!237]. 
 
 Then the longer maleimide 242 was reacted with nitrone 250, first in the absence 
of macrocycle. This reaction gave, after 24 hours in CDCl3 at 25 °C with starting 
concentration of the two reagents of 20 mM, the thread 253 in 75% yield, as a 2.3:1 
mixture of its trans and cis diastereoisomers. The reaction between maleimide 242 
and nitrone 250 was then performed under the same conditions, but in the 
presence of macrocycle (Scheme 5.7). A mixture of maleimide 242 and macrocycle 
130 was pre-equilibrated to allow the formation of a pseudorotaxane. The addition 
of nitrone 250 gave, after 24 hours at 25 °C, rotaxane 254 in 19% yield, as a 1.8:1 
mixture of its trans and cis diastereoisomers, and thread 253 in 40% yield, as a 2.5:1 
mixture of its trans and cis diastereoisomers. 
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Scheme 5.7 The reaction between maleimide 242, macrocycle 130 and nitrone 250 at 25 °C 
in CDCl3 at starting concentrations of 20 mM afforded, after 24 hours, thread 
253 (40%, trans/cis 2.5:1), resulting from the reaction between nitrone 250 and 
unbound maleimide 242, and rotaxane 254 (19%, trans/cis 1.8:1), resulting 
from the reaction between nitrone 250 and pseudorotaxane [130!242]. 
 
 The summary of the outcome of these experiments is presented in Table 5.2. As 
discussed above, these rotaxanes are not ideal models because the Ka for the 
formation of the pseudorotaxanes is lower than in the parent system (which 
explains why the percentages of rotaxane formed are relatively low), and also 
because the nitrone used is different. However the results obtained are 
encouraging; the thread/rotaxane ratio decreases from 3.5:1 to 2.2:1 when the long 
spacer is employed, which means that more rotaxane can be formed when the 
spacer length is greater. This investigation suggests that incorporating a 
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diphenylethane spacer in the maleimide component of the self-replicating rotaxane 
should improve the efficiency of the system. 
 
Table 5.2 Conversions and diastereoselectivities for the products obtained from the 
reaction, at 25 °C in CDCl3 at starting concentrations of 20 mM during 24 
hours, between maleimide 237 and nitrone 250, between maleimide 237, 
nitrone 250 and macrocycle 130, between maleimide 242 and nitrone 250, and 
between maleimide 242, nitrone 250 and macrocycle 130. 
Thread Rotaxane 
Experiment 
yield % trans/cis yield % trans/cis 
Thread/ 
Rotaxane 
237 + 250 73 2.2:1 ! ! ! 
237 + 250 + 130 50 2.1:1 14 1.7:1 3.5:1 
242 + 250 75 2.3:1 ! ! ! 
242 + 250 + 130 40 2.5:1 19 1.8:1 2.2:1 
 
 
5.2 Self-replicating rotaxane with the diethylene glycol macrocycle 
 
5.2.1 Design 
 
 The design of potential self-replicating rotaxane 200 (Scheme 4.21) was modified 
so as to incorporate a longer spacer between the maleimide reactive site and the 
amide binding site of component L (Scheme 5.8). The phenyl ring spacer of 
maleimide 202 was replaced by a diphenylethane spacer to give maleimide 256. In 
the pseudorotaxane [130!256], the macrocyclic component M should now be 
situated sufficiently far from the transition state for the stoppering reaction to 
avoid deleterious supramolecular steric effects. This change should hence make the 
[130!256] complex more reactive towards reaction with stoppering reagents. 
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Scheme 5.8 Retrosynthesis of a potential self-replicating rotaxane containing a 
diphenylethane spacer. 
 
5.2.2 Synthesis of the maleimide 
 
 Maleimide 256 was synthesised in two steps (Scheme 5.9) from the key 
intermediate 213 (for the synthesis of 213, see Scheme 4.23). The acid fluoride 213 
was reacted with an excess of 4,4'-ethylenediamine 233 to yield the amide 257, 
which was isolated as contaminated with traces of 4,4'-ethylenediamine, despite 
careful column chromatography. Amide 257 was used in the next step without 
further purification and treated with maleic anhydride to afford the desired 
maleimide 256. 
 
5. Self-replicating rotaxanes 143 
 
F
O
HN
O
N
NH
O
HN
O
N
H2N
NH
O
HN
O
N
N
O
O
257
256
NH2
H2N
O
O
O
(a)
(b)
213
233
171
 
Scheme 5.9 Synthesis of maleimide 256. Reagents and yields: (a) CH2Cl2, 64%; (b) AcOH, 
79%. 
 
5.2.3 Binding study of the [L!M] complex 
 
 The ability of maleimide 256 to associate with macrocycle 130 was assessed by 
performing a binding experiment. An equimolar solution of macrocycle 130 and 
maleimide 256 in CDCl3 was prepared and analysed by 
1H NMR spectroscopy. The 
1H NMR spectrum of this mixture indicates that the bound/unbound species 
equilibrate slowly with one another on the 1H NMR timescale. This phenomenon 
allowed the determination of the association constant using the single-point 
method; Ka was estimated to be 270 M
–1 in CDCl3 at 25 °C. The chemical shift 
changes observed are typical of pseudorotaxane formation and are of similar 
nature to those observed for pseudorotaxanes [130!172] and [130!202]: downfield 
shift of the macrocycle NH protons H9 (+1.00 ppm), upfield shifts of the macrocycle 
phenylene protons H5 and H6 (–0.57 and –0.59 ppm), and downfield shifts of the 
guest methyl protons (between +0.01 and +0.03 ppm). A complex pattern is also 
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observed in the macrocycle CH2 region (analogous to the one shown in Figure 4.1) 
resulting from the resonances of the macrocycle methylene groups rendered 
magnetically inequivalent: protons H8 appear as two doublet of doublets (+0.14 
and –0.22 ppm), protons H3 appears as an AB system (–0.35 ppm), protons H1 are 
shifted downfield as two multiplets, and protons H2 are shifted upfield. 
 
5.2.4 Kinetic study of the thread 
 
 The kinetic analysis of the system shown in Scheme 5.8 was first carried out in 
the absence of macrocycle, in order to investigate the behaviour of the thread in 
isolation. Thread 258 is formed from the 1,3-dipolar cycloaddition between nitrone 
201 and maleimide 256 (Scheme 5.10). The potential of 258 to template the 
formation of itself was studied by conducting a series of kinetic experiments. 
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Scheme 5.10 Cycloaddition between nitrone 201 and maleimide 256 affording the 
isoxazolidines trans-258 and cis-258. 
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 A solution of nitrone 201 and maleimide 256, with starting concentrations of the 
two reagents of 20 mM, was prepared in CDCl3. The time course of the reaction at 
25 °C was evaluated by 1H NMR spectroscopic analysis (500 MHz), which 
monitored the disappearance of the resonance that arises from the maleimide 
protons present in 256 at ! 6.83–6.84 and the simultaneous appearance of the 
resonance that arise from the trans cycloadduct at ! 5.77–5.83 and that from the cis 
cycloadduct at ! 4.75–4.78. Profile of concentration versus time for the formation of 
the two cycloadducts (Figure 5.3.a) was constructed by deconvolution of these 
resonances. Reaction between nitrone 201 and maleimide 256 at 25 °C led to 93% 
overall conversion after 16 hours; the diastereoisomeric ratio was 23:1 in favour of 
trans-258. The same reaction was then studied at 15 °C (Figure 5.3.b). The reaction 
between nitrone 201 and maleimide 256 at 15 °C reached 73% overall conversion 
after 16 hours and the diastereoselectivity was 26:1 in favour of trans-258. The 
formation of the major isoxazolidine trans-258 displays a clear sigmoidal rate 
profile, indicative of a self-replicating system. 
 
(a) 
 
(b) 
 
Figure 5.3 Concentration vs. time profile for the reaction (CDCl3, 20 mM) between 
nitrone 201 and maleimide 256 at (a) 25 °C and (b) 15 °C. The formation of 
trans-258 is shown as filled circles and the formation of cis-258 as open circles. 
 
 The rate versus time profiles (which are the first derivative of the concentration 
versus time profiles) for the formation of trans-258 at 25 °C and at 15 °C are shown 
in Figure 5.4. These profiles reveal the classical bell shape characteristic of 
autocatalytic processes. At 25 °C, the maximal autocatalytic rate is 0.81 µM!s–1 and 
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is attained after 5,000 seconds. At 15 °C, the maximal autocatalytic rate is lower 
(0.34 µM!s–1) and is attained later (after 15,000 seconds). 
 
 
Figure 5.4 Rate of trans-258 formation vs. time profiles for the reaction (CDCl3, 20 mM) 
between nitrone 201 and maleimide 256 at 25 °C (solid curve) and at 15 °C 
(dashed curve). 
 
 The addition of 38 mol% of pre-synthesised trans-258 at the beginning of the 
reaction between 201 and 256 at 15 °C resulted (Figure 5.5) in an increase in the 
initial rate of formation of trans-258, and not of cis-258, concomitant with the 
disappearance of the initial lag period. This control experiment provides evidence 
that trans-258 is capable of templating and accelerating its own formation. 
 By contrast, in the reaction between maleimide 256 and nitrone 250, which does 
not possess a carboxylic acid recognition site, the overall conversion at 15 °C after 
16 hours was only 57% and the diastereoselectivity only 2.4:1 in favour of the trans 
isoxazolidine (Figure 5.6.a). Furthermore, the reaction at 15 °C between maleimide 
256 and nitrone 201 in the presence of 2.6 equivalents of 4-bromophenylacetic acid 
resulted in a significant decrease both of the rate of the reaction (42% overall 
conversion after 16 hours) and of the diastereoselectivity (the final trans/cis ratio 
dropped to 11:1), accompanied by disappearance of the sigmoidal curve (Figure 
5.6.b). The addition to the reaction mixture of this competitive inhibitor, which is 
unreactive but is capable of binding to the recognition sites present in L, S and T, 
interferes with the recognition processes. This interference, in turn, disrupts the 
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autocatalytic cycle. These two control experiments demonstrate the reliance of the 
reaction between 201 and 256 on molecular recognition. 
 
 
Figure 5.5 Concentration vs. time profile for the reaction (15 °C, CDCl3, 20 mM) between 
nitrone 201 and maleimide 256 in presence of 38 mol% of trans-258. The 
formation of trans-258 is shown as dark blue filled circles and the formation 
of cis-258 as dark blue open circles. The concentration vs. time profile of the 
same reaction in absence of preformed template (Figure 5.3.b) is represented 
in pale blue circles for comparison. 
(a) 
 
(b) 
 
Figure 5.6 Concentration vs. time profile for the reactions (15 °C, CDCl3, 20 mM) 
between (a) nitrone 250 and maleimide 256, and (b) between nitrone 201 and 
maleimide 256 in presence of 2.6 equiv of 4-bromophenylacetic acid. The 
formation of the trans cycloadduct is shown as dark blue filled circles and the 
formation of cis cycloadduct as dark blue open circles. The concentration vs. 
time profile of the reaction between 201 and 256 (Figure 5.3.b) is represented 
in pale blue circles for comparison. 
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 All together, these kinetic experiments demonstrate that the formation of trans-
258 is the result of a self-replicating behaviour. 
 
5.2.5 Computational study of the thread 
 
 The lowest energy structure of the [trans-258!trans-258] duplex was calculated 
using molecular mechanics. A series of conformational searches were performed, 
starting from the individually minimized conformation of the trans template on its 
own and associated with its complementary partner, utilizing the MMFFs force 
field. The result is shown in Figure 5.7. The trans configuration has the desired 
open template structure and the association between two trans-258 units results in 
a good fit in the product duplex, with four hydrogen bonds. 
 
 
Figure 5.7 Stick representation of the calculated structure (MMFFs) of the product 
duplex of trans-258. Carbon atoms are coloured orange, oxygen atoms red, 
nitrogen atoms blue and hydrogen atoms white (most hydrogen atoms have 
been removed for clarity). Hydrogen bonds are shown as dashed lines. 
 
 However these calculations showed that trans-258 can also adopt a closed 
structure (Figure 5.8). Therefore the possible contribution of the binary complex 
pathway to the formation of trans-258 cannot be precluded. 
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Figure 5.8 Stick representation of the calculated structure (MMFFs) of the folded 
conformation of trans-258. Carbon atoms are coloured orange, oxygen atoms 
red, nitrogen atoms blue and hydrogen atoms white (most hydrogen atoms 
have been removed for clarity). Hydrogen bonds are shown as dashed lines. 
 
5.2.6 Kinetic study of the rotaxane 
 
 The kinetic analysis of the full system shown in Scheme 5.8 in the presence of 
macrocycle was then envisioned, with the particular intention to determine 
whether rotaxane 255 can behave as a replicator. Four possible products can be 
formed in this system (Scheme 5.11). They all emanate from the central binding 
event, the reversible formation of pseudorotaxane [130!256]. The [130!256] complex 
can react with nitrone 201 to form trans- and cis-rotaxane 255. Alternatively, 
unbound maleimide 256 can react with nitrone 201 to form trans- and cis-thread 
258. 
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Scheme 5.11 Possible reaction pathways during the formation of potential self-replicating 
rotaxane 255. Nitrone 201 can either react with unbound maleimide 256 to 
afford trans- and cis-thread 258, or with pseudorotaxane  [130!256] to afford 
trans- and cis-rotaxane 255. 
 
 An equimolar solution of maleimide 256 and macrocycle 130 in CDCl3 was 
equilibrated at 25 °C for 1 hour, before addition of nitrone 201 to the mixture. The 
starting concentration of the three reagents was 20 mM. The time course of the 
reaction was monitored by 1H NMR spectroscopy (500 MHz). Since the 
disappearance of none of the resonances that arise from any starting material can 
be monitored because of overlapping peaks, tetrakis(trimethylsilyl)silane was used 
as internal standard to calculate the concentration of the products formed. The 
whole 1H NMR spectrum of the reaction being quite crowded, the only resonances 
arising from the formation of the cycloadducts that can be monitored are the 
following (Figure 5.9): H3 or H1 for the trans-rotaxane, H1 for the cis-rotaxane, H3 or 
H1 for the trans-thread, and H1 for the cis-thread. However a concentration versus 
time profile for this reaction could not be plotted. Indeed the resonance arising 
from the trans-thread overlap with other resonances (H3 of trans-thread overlaps 
with H3 of trans-rotaxane in the first few hours of the experiment, and H1 of trans-
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thread overlaps with the H1 of the cis cycloadducts in the second half of the 
experiment), and the resonances arising from the cis cycloadducts overlap with 
each other. Hence a full kinetic analysis of the system could not be conducted. 
Nevertheless the conversion of trans cycloadducts (trans-rotaxane and trans-thread) 
was calculated to be 75% after 16 hours (trans-rotaxane/trans-thread 0.62:1) and the 
diastereoselectivity was estimated to be !10:1 in favour of the trans cycloadducts 
(rotaxane and thread). This relatively high ratio suggests that molecular 
recognition plays a role in this system. But since concentration versus time profiles 
cannot be plotted because of peak overlapping, the control experiments were not 
carried out and, sadly, the demonstration that the formation of the rotaxane is the 
result of self-replicating behaviour could not be provided. 
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Figure 5.9 Partial 1H NMR spectra (499.9 MHz, 25 °C, CDCl3) of time course (over 16 h) 
of the reaction between 130, 201 and 256, illustrating spectral region 
associated with the resonances of the isoxazolidine protons. 
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5.3 Self-replicating rotaxane with the pyridine macrocycle 
 
5.3.1 Design 
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Scheme 5.12 Retrosynthesis of a potential self-replicating rotaxane containing the pyridine 
macrocycle. 
 
 Monitoring the emergence of the different products formed in the potential self-
replicating rotaxane systems designed so far by 1H NMR spectroscopy is not 
always straightforward. Multiple products are formed and their structure is rather 
elaborate, rendering the spectra complex. But the formation of the products can 
usually be tracked by monitoring the appearance of some of the resonances of the 
5. Self-replicating rotaxanes 153 
 
isoxazolidine protons between ! 5.0 and ! 6.0, region where no other resonances 
appear. However, this method could not be applied in the case of the latter system, 
shown in Figure 5.8. Since the cycloadduct protons are situated in relatively close 
proximity to the macrocycle, it was thought that the use of a different macrocycle 
could have an influence on the chemical shift of the resonances of these protons. It 
was demonstrated in Chapter 4.2.2 that macrocycle 124 can form a pseudorotaxane 
with amide 146. A preliminary experiment, which consists of using macrocycle 124 
instead of macrocycle 130 in the previous system, showed that the resonances 
arising from the H3 protons of the trans-rotaxane and of the trans-thread no longer 
overlap, allowing their monitoring. 
 The design of the potential self-replicating rotaxane shown in Scheme 5.8 
evolved hence to the design shown in Scheme 5.12. The macrocyclic component M 
consists now of macrocycle 124, instead of macrocycle 130. 
 
5.3.2 Computational study of the rotaxane 
 
Figure 5.10 Stick representation of the calculated structure (MMFFs) of the product 
duplex of trans-259. Carbon atoms are coloured orange in the linear 
components and green in the macrocyclic components, oxygen atoms red, 
nitrogen atoms blue and hydrogen atoms white. Surface is shown in pale 
yellow. 
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 This change in macrocycle gives rise to a design in which the trans 
diastereoisomer of the rotaxane is predicted computationally to provide the correct 
geometry to support replication (Figure 5.10). 
 According to these molecular mechanics calculations, the trans-rotaxane cannot 
adopt a folded conformation, such as the trans-thread (Figure 5.8), as a result of the 
presence of the macrocycle. 
 
5.3.3 Binding study 
 
 The utilization of an alternative macrocyclic component within the self-
replicating rotaxane framework requires the accomplishment of additional binding 
experiments. A binding study was carried out between macrocycle 124 and amide 
179. No change of the 1H NMR spectrum of the host was observed upon addition 
of the guest. This experiment showed that 124 cannot complex 179, establishing 
hence that a 4,6-dimethylpyridine and a 4-tert-butylphenyl rings are large enough 
end groups to prevent the guest threading through the cavity of the macrocycle 
124, like with macrocycle 130. 
 The ability of macrocycle 124 to associate with maleimide 256 was then assessed 
by performing another binding experiment. An equimolar solution of macrocycle 
124 and maleimide 256 in CDCl3 was prepared and analysed by 
1H NMR 
spectroscopy. The 1H NMR spectrum of this mixture indicates that the 
bound/unbound species equilibrate slowly with one another on the 1H NMR 
timescale. This phenomenon allowed the determination of the association constant 
using the single-point method; Ka was estimated to be 430 M
–1 in CDCl3 at 25 °C. 
The chemical shift changes are consistent with pseudorotaxane formation (Scheme 
5.13). The typical downfield shift (+1.37 ppm) of the macrocycle NH protons H11 
and upfield shifts for the resonances for the macrocycle phenylene protons were 
observed. The high chemical shift of the maleimide amide NH proton H31 (9.20 
ppm) suggests that this proton is hydrogen bonded to the pyridine nitrogen atom. 
Additionally a complex pattern resulting from the resonances of the macrocycle 
methylene groups was observed (Figure 5.11.a). The unsymmetrical nature of the 
thread component renders the protons located on opposite face of the macrocycle 
diastereotopic (Figure 4.2). The resonance of methylene protons H5, which 
appeared as a singlet at ! 4.60 in the free macrocycle, are inequivalent and 
mutually coupled when the thread is encircled by the macrocycle, giving rise to an 
AB system at ! 4.41. Similarly, the resonance of methylene protons H4, which 
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appeared as a singlet at ! 4.52 in the free macrocycle, gives rise to an AB system at 
! 4.30. A two-dimensional ROESY NMR study at 0 °C (Figure 5.11.b) gave detailed 
structural informations about the complex formed between host 124 and guest 256. 
Inspection of the 2D ROESY NMR spectrum revealed cross peaks between the 
macrocycle NH protons H11 and the maleimide aromatic protons H33 and H27/H28. 
Cross peaks were also observed between the macrocycle methylene protons H4 and 
the maleimide NH proton H31, and between the same macrocycle methylene 
protons and the maleimide aromatic protons H27/H28. The analysis of the ROESY 
experiment proved unambiguously that the pseudorotaxane has the expected 
geometry. 
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Scheme 5.13 Self-assembly of host 124 with guest 256 to form pseudorotaxane [124!256], 
along with labelling scheme. ROESY contacts observed for the complex 
between host 124 and guest 256 are shown as blue arrows. 
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(a) 
 
(b) 
 
Figure 5.11 (a) Macrocycle methylene resonances region of the 1H NMR spectrum (400.1 
MHz, 25 °C, CDCl3, 25 mM) of an equimolar mixture of macrocycle 124 and 
maleimide 256, together with proton assignments. (b) Partial ROESY 
spectrum (499.9 MHz, 0 °C, CDCl3, 25 mM) of an equimolar mixture of 
macrocycle 124 and maleimide 256. Star symbols coincide with the 
corresponding proton in the pseudorotaxane form. 
 
5.3.4 Synthesis of the rotaxane 
 
 A sufficient quantity of the rotaxane utilizing the maleimide 256, the macrocycle 
124 and the nitrone 201 was then prepared (Scheme 5.14). A mixture of maleimide 
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256 and macrocycle 124 was pre-equilibrated in chloroform at ambient temperature 
to allow the formation of a pseudorotaxane. The addition of nitrone 201 gave, after 
six days at ambient temperature, rotaxane 259 in 46% yield, as a 18:1 mixture of its 
trans and cis diastereoisomers, and thread 258 in 45% yield, as a 35:1 mixture of its 
trans and cis diastereoisomers. 
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Scheme 5.14 Synthesis of rotaxane 259. Reagents and yields: (a) CHCl3, 46% rotaxane 
(trans/cis 18:1) and 45% thread (trans/cis 35:1). 
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 The 1H NMR spectrum of rotaxane 259 (Figure 5.12) reveals the features 
expected of a [2]rotaxane. Of particular note are the resonances arising from the 
macrocycle NH protons and the macrocycle pyridine protons H78. In the free 
macrocycle, the resonance arising from the NH protons appears as a triplet at ! 7.88 
and that arising from the macrocycle pyridine protons H78 as a doublet at ! 8.40. 
The mirror plane present in the free macrocycle, which passes through the 
macrocycle perpendicular to the pyridine ring, is absent in the rotaxane (Figure 
4.5). This loss is a result of the fact that the isoxazolidine ring formed in the 
cycloaddition reaction does not possess a matching element of symmetry. 
Therefore, the two NH protons (H75) and the two pyridine protons (H78) are now 
magnetically inequivalent and this leads to the appearance (Figure 5.12, insets) of 
two triplets at ! 9.46 and at ! 9.42 for H75, of two doublet of doublets at ! 8.48 and at 
! 8.44 for H78. These resonances, especially H75, show marked chemical shift 
changes as a result of the dramatic change in their local environments upon the 
interlocking of the thread and the macrocycle. Furthermore, the macrocycle 
methylene protons are also all rendered magnetically inequivalent upon rotaxane 
formation, as a result of the additional end-to-end asymmetry imposed by the 
thread, and lead to complex signal patterns as well (Figure 5.12, inset). The high 
chemical shift of the amide NH resonance of the binding site H31 (9.18 ppm) 
suggests that this proton is hydrogen bonded to the pyridine nitrogen atom. All 
these observations are once again consistent with the macrocycle being bound in 
the expected location in the rotaxane. 
 A two-dimensional ROESY NMR study conducted at 25 °C further confirmed 
the interlocked nature of compound 259. Inspection of the 2D ROESY NMR 
spectrum revealed cross peaks between the thread aromatic protons H33 and 
H27/H28 and the macrocycle NH protons H75, the macrocycle aromatic protons H71 
and H72, and the macrocycle methylene protons H68. Cross peaks were also 
observed between the thread amide proton H31 and the macrocycle methylene 
protons H68. 
 Interestingly, the macrocycle carbons are also rendered magnetically 
inequivalent upon rotaxane formation, and most of these carbons appear as two 
resonances in the 13C spectrum of 259. 
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Figure 5.12 1H NMR spectrum (400.1 MHz, 25 °C, CDCl3) of rotaxane trans-259 together 
with proton assignments. The resonances arising from the 68, 69, 74, 75 and 
78 protons are shown as inset partial spectra. Note that the sample also 
contains around 5% of cis-259. 
 
5.3.5 Kinetic study of the rotaxane 
 
 A kinetic analysis was then carried out on the full system shown in Scheme 5.12, 
in which four possible products can be formed (Scheme 5.15). They all emanate 
from the central binding event, the reversible formation of pseudorotaxane 
[124!256]. The [124!256] complex can react with nitrone 201 to form trans- and cis-
rotaxane 259. Alternatively, unbound maleimide 256 can react with nitrone 201 to 
form trans- and cis-thread 258. 
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Scheme 5.15 Possible reaction pathways during the formation of potential self-replicating 
rotaxane 259. Nitrone 201 can either react with unbound maleimide 256 to 
afford trans- and cis-thread 258, or with pseudorotaxane  [124!256] to afford 
trans- and cis-rotaxane 259. 
 
 An equimolar solution of maleimide 256 and macrocycle 124 in CDCl3 was pre-
equilibrated, before adding nitrone 201 to the mixture. The starting concentration 
of the three reagents was 19 mM. The time course of the reaction was evaluated by 
1H NMR spectroscopic analysis (500 MHz), which monitored the appearance of the 
resonances (Figure 5.13) of proton H3 that arise from the trans-thread at ! 5.76–5.80, 
and of proton H3 that arise from the trans-rotaxane at ! 5.74. A profile of 
concentration versus time for the formation of the cycloadducts was constructed by 
deconvolution of these resonances. The formation of the cis cycloadducts, both the 
cis-thread and the cis-rotaxane, could not be monitored, because each of their 
resonances overlap with other peaks. Tetrakis(trimethylsilyl)silane was used as 
internal standard to calculate the concentrations of the different cycloadducts, since 
the disappearance of the resonance that arises from starting materials could not be 
monitored because of peaks overlapping. 
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Figure 5.13 Partial 1H NMR spectra (499.9 MHz, 25 °C, CDCl3) of time course (over 16 h) 
of the reaction between 124, 201 and 256, illustrating spectral region 
associated with the resonances of the isoxazolidine protons. 
 
 The concentration versus time profile for the reaction between 124, 201 and 256 
is shown in Figure 5.14.a. The conversion of trans cycloadducts (trans-rotaxane and 
trans-thread) after 16 hours at 25 °C was 72%, with a ratio trans-rotaxane to trans-
thread of 0.98:1. As explained above, the formation of the cis cycloadducts could 
not be monitored and therefore could not be plotted. Nevertheless, the 
diastereoisomeric ratio of the trans cycloadducts (trans-rotaxane and trans-thread) 
to the cis cycloadducts (cis-rotaxane and cis-thread) was estimated to be !7:1. At the 
beginning of the reaction, the rate of formation of trans-rotaxane is higher than of 
trans-thread, and trans-rotaxane is present in slight excess. But after 12 hours, the 
rate of formation of trans-rotaxane slows down and the trans-thread takes over. 
 The kinetic behaviour of the same system was then studied at 15 °C (Figure 
5.14.b). The reaction led to 48% conversion of trans cycloadducts after 16 hours. The 
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ratio of trans-rotaxane to trans-thread was 0.6:1. The sigmoidal rate profile 
(indicative of a self-replicating system) for both trans-rotaxane and trans-thread 
formation, already apparent when the experiment was conducted at 25 °C, was 
more evident when the experiment was carried out at 15 °C. 
 
(a) 
 
(b) 
 
Figure 5.14 Concentration vs. time profile for the reaction (CDCl3, 19 mM) between 
maleimide 256, macrocycle 124 and nitrone 201 at (a) 25 °C and (b) 15 °C. The 
formation of rotaxane trans-259 is shown as red filled circles and the 
formation of thread trans-258 as blue filled circles. The formation of the cis 
cycloadducts is not plotted. 
 
 The rate versus time profiles (which are the first derivative of the concentration 
versus time profiles) for the formation of trans cycloadducts at 25 °C and at 15 °C 
are shown in Figure 5.15. These profiles reveal the classical bell shape characteristic 
of autocatalytic processes. At 25 °C (Figure 5.15.a), the maximal autocatalytic rate 
of the rotaxane is higher (0.34 µM!s–1) and attained earlier (after 3000 seconds) than 
the maximal autocatalytic rate of the thread (0.27 µM!s–1 attained after 5000 
seconds). At 15 °C (Figure 5.15.b), the maximal autocatalytic rate of the thread (0.15 
µM!s–1) is higher than that of the rotaxane (0.11 µM!s–1) and both are attained 
roughly at the same time (after 5000 seconds). 
 The ratio of trans-rotaxane to trans-thread was relatively low in the experiment 
shown in Figure 5.14.b; there was more thread present than rotaxane. In the 
presence of 1 equivalent of macrocycle 124 (Figure 5.16.a), the conversion of trans 
cycloadducts after 24 hours at 15 °C was 56% and the ratio trans-rotaxane/trans-
thread 0.6:1. When the reaction was repeated in presence of 3 equivalents of 
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macrocycle 124 (Figure 5.16.b), the conversion was 49% after 24 hours and the ratio 
increased to 6.7:1; there was now much more rotaxane present than thread. The 
addition of an excess of macrocycle increases the amount of pseudorotaxane 
present in solution and hence the rotaxane/thread ratio. 
 
(a) 
 
(b) 
 
Figure 5.15 Rate of trans cycloadduct vs. time profiles for the reaction (CDCl3, 19 mM) 
between maleimide 256, macrocycle 124 and nitrone 201 at (a) 25 °C and (b) 
15 °C. The rate of formation of rotaxane trans-259 is shown in red and the rate 
of formation of thread trans-258 in blue. 
 
(a) 
 
(b) 
 
Figure 5.16 Concentration vs. time profile for the reaction (15 °C, CDCl3, 19 mM) between 
maleimide 256 and nitrone 201 in presence of (a) 1 equiv and (b) 3 equiv of 
macrocycle 124 (peak overlapping prevented the deconvolution of the 
resonances in the first hours). The formation of rotaxane trans-259 is shown as 
red filled circles and the formation of thread trans-258 as blue filled circles. 
The formation of the cis cycloadducts is not plotted. 
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 In order to prove unambiguously that self-replication is operating within the 
system, an experiment consisting of doping the reaction with the product itself was 
conducted. The addition of 39 mol% of pre-synthesised rotaxane trans-259 at the 
beginning of the reaction between 124, 201 and 256 at 15 °C resulted (Figure 5.17) in 
an increase in the initial rate of formation of trans rotaxane. This control experiment 
provides evidence that rotaxane trans-259 is capable of templating and accelerating 
its own formation. Interestingly, doping the reaction with trans rotaxane had no 
effect on the rate of formation of trans thread, suggesting that the rotaxane cannot 
crosscatalyse the formation of the thread. 
 
 
Figure 5.17 Concentration vs. time profile for the reaction (15 °C, CDCl3, 19 mM) between 
maleimide 256, macrocycle 124 and nitrone 201 in presence of 39 mol% of  
rotaxane trans-259. The formation of rotaxane trans-259 is shown as dark red 
filled circles and the formation of thread trans-258 as dark blue filled circles. 
The concentration vs. time profile of the same reaction in absence of 
preformed template (Figure 5.16.a) is represented in the corresponding pale 
colours for comparison. The formation of the cis cycloadducts is not plotted. 
 
 The bimolecular control experiment was then carried out. Nitrone 201 was 
replaced by nitrone 250, which does not posses a carboxylic recognition site. 
Unfortunately, the resonances arising from the trans rotaxane cycloadduct and that 
of the trans thread cycloadduct could not be deconvoluted, because they overlap 
each other. 
 However, the reliance of the system on molecular recognition could be 
demonstrated by performing the inhibitor control experiment (Figure 5.18). The 
reaction at 15 °C between maleimide 256, macrocycle 124 and nitrone 201 in the 
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presence of 3.5 equivalents of 4-bromophenylacetic acid resulted in a decrease of 
the rate of the reaction (43% trans cycloadducts conversion after 24 hours). The 
trans-rotaxane to trans-thread ratio was 0.7:1 after 24 hours. The diminution of the 
rate is caused by the interference of the competitive inhibitor with the recognition 
processes. 
 
 
Figure 5.18 Concentration vs. time profile for the reaction (15 °C, CDCl3, 19 mM) between 
maleimide 256, macrocycle 124 and nitrone 201 in presence of 3.5 equiv of 4-
bromophenylacetic acid. The formation of rotaxane trans-259 is shown as 
dark red filled circles and the formation of thread trans-258 as dark blue filled 
circles. The concentration vs. time profile of the same reaction in absence of 
inhibitor (Figure 5.16.a) is represented in the corresponding pale colours for 
comparison. The formation of the cis cycloadducts is not plotted. 
 
 It has been established that rotaxane trans-259 can template its own formation. It 
has been demonstrated earlier that thread trans-258 can also act as a catalyst for its 
own creation. Since rotaxane trans-259 and thread trans-258 coexist in the system, 
can they template the formation of each other? The template control experiment 
shown in Figure 5.17 already suggested that rotaxane trans-259 cannot 
crosscatalyse the formation of the thread trans-258. This result was confirmed when 
the reaction between maleimide 256 and nitrone 201 was doped with 37 mol% of 
pre-synthesised rotaxane trans-259 (Figure 5.19.a). The addition of rotaxane 
template did not accelerate the formation of thread trans-258. 
 Conversely, the addition of 36 mol% of pre-synthesised thread trans-258 at the 
beginning of the reaction between maleimide 256, macrocycle 124 and nitrone 201 
resulted (Figure 5.19.b) in an increase in the rate of formation of thread trans-258, as 
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expected, and not in that of rotaxane. These two experiments show that rotaxane 
trans-259 and thread trans-258 are unable to catalyse the formation of each other. 
 
(a) 
 
(b) 
 
Figure 5.19 Concentration vs. time profile for the reaction (15 °C, CDCl3, 19 mM) between 
(a) maleimide 256 and nitrone 201 in presence of 37 mol% of rotaxane trans-
259, and between (b) maleimide 256, macrocycle 124 and nitrone 201 in 
presence of 36 mol% of thread trans-258. The formation of rotaxane trans-259 
is shown as dark red filled circles and the formation of thread trans-258 as 
dark blue filled circles. The concentration vs. time profiles of the same 
reaction in absence of preformed template are represented in the 
corresponding pale colours for comparison. The formation of the cis 
cycloadducts is not plotted. 
 
 Scheme 5.16 summarizes the catalytic cycles operating in this system. Since the 
rotaxane and the thread are not mutually-complementary templates, only two 
pathways of the minimal model for a replicating rotaxane (Figure 2.3) are open. 
The two cycles emanate from the central binding event, the reversible formation of 
the [124!256] complex, with pseudorotaxane geometry, through the association of 
macrocycle 124 with the linear component 256. The [124!256] complex can react 
with the stoppering reagent 201 to form rotaxane 259. Rotaxane 259 can then enter 
an autocatalytic cycle—collecting the [124!256] complex and the stoppering reagent 
201 and catalysing the formation of a second molecule of rotaxane 259. Conversely, 
unbound linear component 256 can react with the stoppering reagent 201 to form 
thread 258. Thread 258 can then enter an autocatalytic cycle—collecting the 
unbound linear component 256 and the stoppering reagent 201 and catalysing the 
formation of a second molecule of thread 258. 
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Scheme 5.16 The two autocatalytic pathways operating in the system formed by 
maleimide 256, macrocycle 124 and nitrone 201. 
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5.4 Conclusions 
 
 The pseudorotaxane [L!M] is a central element within a self-replicating rotaxane 
framework. This complex must be sufficiently reactive towards the reaction with 
the stoppering reagent S in order the form the rotaxane and to enter an 
autocatalytic cycle. The placement, within the linear component L, of the reactive 
site sufficiently far from the binding site for the macrocyclic component M allowed 
us to fulfil this requirement, and indeed to integrate successfully self-replication 
with the formation of rotaxanes. In the system ultimately designed, thread is also 
present, since a fraction of linear component L is not bound to the macrocycle M. 
The kinetic study of the system proved that both the rotaxane and the thread are 
self-replicating, and that the two catalytic pathways are orthogonal. 
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6 
Conclusions and perspectives 
 
 
 The coupling of replication to another recognition-mediated event, namely the 
formation of a mechanically interlocked molecule, has been achieved, leading to 
the elaboration of the first example of a rotaxane that possesses the ability to 
replicate itself. 
 The design of this self-replicating rotaxane evolved considerably throughout the 
development of this enterprise. The addition of an extra binding event within a 
self-replicating framework introduces further complexity. Three stages are 
necessary in the formation of a self-replicating rotaxane: the association of the 
macrocycle with the linear component, the stoppering reaction that produces the 
rotaxane, and the recognition process that renders the rotaxane self-replicating. The 
success of this enterprise relies on the orthogonality of these events; they must not 
interfere with each other. To name a few of the problems that have been overcome, 
one can mention the association of the macrocycle with the recognition site or the 
reactive site (instead of the binding site), or also the obstruction of the stoppering 
reaction by the macrocycle associating with the binding site. 
 In the system designed ultimately, a substantial amount of thread was present, 
as a result of the sub-optimal binding constant of the macrocycle with its guest. 
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Optimizing the binding motif in order to increase the association constant is a way 
to solve this problem. Another approach is to reconsider the replication model 
chosen. The systems studied in this research are based on the replication model 
consisting of locating one recognition site on each stopper. A second model was 
described in Section 2.2 in which the complementary recognition sites are situated 
on the same stopper. However, a third model is possible (Figure 6.1). Locating one 
recognition site on one of the stoppers and appending its complementary 
recognition site to the macrocycle can potentially simplify the system. In that case, 
the thread resulting from the reaction of the unbound linear component with the 
stoppering reagent would be unable to enter an autocatalytic cycle, since it would 
possess only one recognition site. 
 
 
Figure 6.1 Minimal model for a replicating rotaxane based on the placement of one 
recognition site on one of the stoppers and the other recognition site on the 
macrocycle. 
 
 Moving forward, this work opens up fascinating perspectives in the field of 
mechanically interlocked molecules and of self-replication. The characteristics of a 
replicator, namely the increase of rate formation and the transfer of structural 
information, could benefit considerably the fabrication of rotaxanes, and other 
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types of interlocked molecules. The creation of assemblies of molecules that 
function as specific and efficient templates for the formation of themselves and 
others could permit the development of protocols that allow us to establish and 
manage replication, organization and evolution within more complex synthetic 
supramolecular networks of replicators, that can co-operate and give rise to 
system-level emergent behaviours. 
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7 
Experimental 
 
 
7.1 General procedures 
 
 Chemicals and solvents were purchased from standard commercial suppliers 
and were used as-received unless otherwise stated. 1,4-Phenylenediamine was 
recrystallised from ethanol. PdCl2(PPh3)2 was prepared according to Heck's 
procedure.132 Tetrahydrofuran was dried by heating to reflux in the presence of 
sodium/benzophenone under a nitrogen atmosphere and was collected by 
distillation. Acetonitrile, dichloromethane and dimethylformamide were dried by 
heating under reflux over calcium hydride and distilled under nitrogen. 
 Reactions were monitored by thin-layer chromatography carried out on 0.2 mm 
MP Biomedicals pre-coated aluminium backed silica sheets using UV light as 
visualizing agent, and ninhydrin, 2,4-dinitrophenylhydrazine and potassium 
permanganate solution as developing agents. Column chromatography was 
performed using Kieselgel 60 (0.040–0.063 mm mesh, Merck 9385) or MP Silica 
(silica gel, 0.032–0.063 mesh). 
 Melting points were measured in open capillary tubes with an Electrothermal 
9200 melting point apparatus. 
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 Chemical ionization mass spectrometry (CI) at low and high resolution was 
carried out using a Micromass GCT spectrometer. Electrospray mass spectrometry 
(ES) at low and high resolution was carried out using a Micromass LCT 
spectrometer. 
 
7.2 NMR spectroscopy 
 
 NMR spectra were recorded on either a Bruker Avance 300, or a Bruker Avance 
II 400, or a Bruker Avance 500, or a Varian Unity Plus 500 spectrometer using 
deuterated solvent as the lock and the residual solvent as the internal reference in 
all cases. All spectra were recorded at 298 K unless otherwise stated. Chemical shits  
! are reported in parts per million (ppm). All coupling constants J are quoted to the 
nearest 0.1 Hz. In the assignment of 1H NMR spectra the symbols br, s, d, t, q and 
m denote broad, singlet, doublet, triplet, quartet and multiplet, respectively. In the 
assignment of 13H NMR spectra the symbols quat. denotes a quaternary carbon. 1H 
and 13C data were assigned by a combination of one- and two-dimensional 
experiments (COSY, HSQC, HMBC, HMQC, ROESY).  
 
7.3 Determination of binding constants133 
 
 If the exchange of complexed and uncomplexed species is slow on the NMR 
timescale, then the binding constant is approximately evaluated by simple 
integration of the NMR signals for bound and unbound host or guest (single-point 
method). 
 If the host–guest equilibrium is fast on the NMR timescale, the chemical shift 
observed for a particular resonance (that is sensitive to the complexation reaction) 
is a weighted average between the chemical shift of the free and bound species. In a 
typical NMR titration experiment, small aliquots of guest are added to a solution of 
host of known concentration and the NMR spectrum of the sample monitored as a 
function of guest concentration. Commonly, changes in chemical shift are noted for 
various atomic nuclei. The binding constant is extracted from the titration curve 
(plot of changes in chemical shift against added guest concentration) by fitting the 
curve using a non-linear curve-fitting program. Alternatively, the binding constant 
can be determined by the dilution method. A concentrated solution of the host and 
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the guest is prepared, and then the chemical shift changes are recorded over 
gradual dilution of the solution. 
 
7.4 Kinetic measurements 
 
 Masses of reagents were measured using a Sartorius BP 211D balance (±0.01 mg) 
and reagent solutions prepared by dissolving compounds in the appropriate 
volume of CDCl3. Subsequent experimental samples, suitable for kinetic 
experiments, were prepared by using Hamilton gas-tight syringes to transfer 
solution to a Wilmad 528PP NMR tube, which was then fitted with a polyethylene 
pressure cap to minimise solvent evaporation. Concentrations were calibrated 
using, when required, (Me3Si)4Si as internal standard, added to the reaction 
mixtures at a concentration of 0.5 mM. Reaction mixtures were monitored 
systematically by 500 MHz 1H NMR spectroscopy over 16 or 24 hours. 1H NMR 
spectra were acquired automatically every 20 or 30 minutes. Analysis and 
deconvolution of the appropriate resonances of each of the 1H NMR spectra was 
performed using Bruker Topspin software (version 2.0, 2006). 
 
7.5 Computational methods 
 
 Molecular mechanics calculations were performed on a Linux workstation using 
the MMFFs or the OPLS2005 forcefield together with the GB/SA solvation model 
for chloroform as implemented in Macromodel (Version 9.5, Schrödinger Inc., 
2007). Electronic structure calculations were carried out using GAMESS-US or 
MOPAC2007 running on a Linux cluster. The 64-bit Linux version dated 24 Mar 
2007 (Revision 3) was used in all density functional calculations. The transition 
state for the reaction between N-phenylmaleimide and diphenylnitrone was 
located by generation of an initial guess using the linear synchronous transit (LST) 
method and then refinement at the HF/6-31G(d) level of theory within GAMESS. 
This model transition state was then used to construct an initial guess for the 
transition state leading to the appropriate cycloadduct. This guess was refined at 
the B3LYP/6-31G+(d,p) level of theory to a transition state structure possessing 
single imaginary vibration that corresponded to the reaction coordinate. This 
transition state was then used for comparison purposes for those calculated using 
the semi-empirical methods AM1, PM3, RM1 and PM6. All semi-empirical 
electronic structure calculations were carried out using MOPAC2007. Version 
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8.032L was used in all calculations. In all cases, Eigen vector following was used to 
locate a transition state structure possessing single imaginary vibration that 
corresponded to the reaction coordinate. 
 
7.6 Synthetic procedures 
 
(Z)-4-tert-Butyl-N-(4-(6-methylpyridin-2-ylcarbamoyl)benzylidene)aniline 
oxide118 77. 
BiCl3 (371 mg, 1.2 mmol) was added to a solution 
of 1-tert-butyl-4-nitrobenzene (1.0 mL, 5.9 mmol) 
in EtOH (30 mL) and water (10 mL). KBH4 (637 
mg, 11.8 mmol) was then added gradually over 5 
min under a N2 atmosphere. After the addition 
was complete, the reaction mixture was stirred at ambient temperature for a 
further 15 min under a N2 atmosphere. Then the mixture was acidified to pH 7 
with 0.5 M HCl under a N2 atmosphere and extracted immediately with Et2O. The 
organic layer was washed with saturated NaCl solution, dried (Na2SO4) and 
concentrated by evaporation under reduced pressure. The 4-tert-butyl-N-
hydroxyaniline 139 obtained was dissolved immediately in EtOH (80 mL) and 137 
(1.419 g, 5.9 mmol) was added. The reaction mixture was stirred at ambient 
temperature in the absence of light for 3 days. The solvent was removed by 
evaporation under reduced pressure. The residue was purified by column 
chromatography (SiO2, gradient from 99.5:0:0.5 to 94.5:5.0:0.5 CHCl3/MeOH/Et3N) 
to give 77 (2.21 g, 97% over 2 steps) as a yellow solid. 1H NMR (400.1 MHz, CDCl3): 
! = 8.57 (br s, 1H, H7), 8.51 (d, AA’ of AA’BB’ system, J = 8.8 Hz, 2H, H11), 8.20 (d, J 
= 8.2 Hz, 1H, H5), 8.03 (d, BB’ of AA’BB’ system, J = 8.6 Hz, 2H, H10), 8.00 (s, 1H, 
H13), 7.73–7.70 (m, AA’ of AA’BB’ system, 2H, H15), 7.67 (t, J = 7.9 Hz, 1H, H4), 7.53–
7.49 (m, BB’ of AA’BB’ system,  2H, H16), 6.96 (d, J = 7.5 Hz, 1H, H3), 2.49 (s, 3H, 
H1), 1.36 (s, 9H, H19);
 13C NMR (100.6 MHz, CDCl3): ! = 164.8 (quat. C, C8), 157.1 
(quat. C, C2), 154.0 (quat. C, C17), 150.7 (quat. C, C6), 146.7 (quat. C, C14), 139.0 (CH, 
C4), 135.5 (quat. C, C9), 134.2 (quat. C, C12), 133.1 (CH, C13), 129.1 (CH, C11), 127.6 
(CH, C10), 126.3 (CH, C16), 121.4 (CH, C15), 119.8 (CH, C3), 111.2 (CH, C5), 35.1 (quat. 
C, C18), 31.4 (CH3, C19), 24.1 (CH3, C1); MS (ES+): m/z (%) = 410 ([M+Na]
+, 100), 797 
(15); HRMS (ES+): m/z calc. for [M+H]+ C24H26N3O2 388.2025, found 388.2027. 
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3-[(3-Nitrobenzyl)oxy]aniline 83. 
A mixture of 3-aminophenol (3.18 g, 29.1 mmol) and Cs2CO3 (19.00 g, 
58.3 mmol) in dry CH3CN (50 mL) was heated to reflux for 30 min. A 
solution of 3-nitrobenzyl chloride (recrystallised from pentane/Et2O, 
5.00 g, 29.1 mmol) in dry CH3CN (30 mL) was then added slowly to 
the reaction mixture, which was next heated at 50 ºC for 18 h. The 
reaction mixture was then partitioned between Et2O and water and 
extracted with Et2O (3 !). The combined organic layers were washed with water, 
dried (MgSO4) and the solvents were removed by evaporation under reduced 
pressure. The residue was purified by column chromatography (SiO2, 
cyclohexane/EtOAc 1:1) to afford 83 (6.36 g, 89%) as a brown oil. 1H NMR (300.1 
MHz, CD3CN): ! = 8.25–8.24 (m, 1H, H1), 8.15–8.11 (m, 1H, H3), 7.81–7.77 (m, 1H, 
H5), 7.59 (t, J = 8.0 Hz, 1H, H4), 7.01–6.95 (m, 1H, H10), 6.29–6.23 (m, 3H, 
H9+H11+H13), 5.10 (s, 2H, H7), 4.14 (br s, 2H, H14);
 13C NMR (75.5 MHz, CD3CN): ! = 
160.4 (quat. C, C8), 150.5 (quat. C, C12), 149.4 (quat. C, C2), 141.0 (quat. C, C6), 134.5 
(CH, C5), 131.0 (CH, C10), 130.7 (CH, C4), 123.6 (CH, C3), 122.9 (CH, C1), 108.8 (CH), 
104.4 (CH), 102.0 (CH), 69.0 (CH2, C7); MS (CI+): m/z (%) = 245 ([M+H]
+, 100); 
HRMS (CI+): m/z calc. for [M+H]+ C13H13N2O3 245.0926, found 245.0924. 
 
N
2,N6-Bis(3-(3-nitrobenzyloxy)phenyl)pyridine-2,6-dicarboxamide 85. 
A solution of 83 (1.077 g, 4.4 mmol) in dry CH2Cl2 (10 
mL) was added to a suspension of 2,6- 
pyridinedicarbonyl dichloride (0.409 g, 2.0 mmol) in dry 
CH2Cl2 (15 mL). The reaction mixture was stirred at 
ambient temperature for 1 day and then heated to reflux 
for 2 days. The precipitate was then filtered off, washed 
and recrystallised (CH2Cl2/DMSO) to afford 85 (441 mg, 
36%) as a white solid. 1H NMR (300.1 MHz, (CD3)2SO): ! = 10.97 (s, 2H, H14), 8.38–
8.24 (m, 5H, H1+H17+H18), 8.17–8.13 (m, 2H, H3), 7.91 (d, J = 7.9 Hz, 2H, H5), 7.71 (t, J 
= 2.1 Hz, 2H, H13), 7.66 (t, J = 7.9 Hz, 2H, H4), 7.50–7.47 (m, 2H, H11), 7.34 (t, J = 8.1 
Hz, 2H, H10), 6.87–6.84 (m, 2H, H9), 5.28 (s, 4H, H7);
 13C NMR (75.5 MHz, (CD3)2SO): 
! = 161.7 (quat. C, C15), 158.2 (quat. C, C8), 148.8 (quat. C, C16), 147.8 (quat. C, C2), 
140.1 (CH, C18), 139.4 (quat. C, C6), 139.3 (quat. C, C12), 134.1 (CH, C5), 130.1 (CH, 
C4), 129.8 (CH, C10), 125.5 (CH, C17), 122.7 (CH, C3), 122.0 (CH, C1), 113.9 (CH, C11), 
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110.5 (CH, C9), 107.8 (CH, C13), 68.0 (CH2, C7); MS (ES+): m/z (%) = 642 ([M+Na]
+, 
100); HRMS (ES+): m/z calc. for [M+Na]+ C33H25N5O8Na 642.1601, found 642.1586. 
 
N
2,N6-Bis(3-ethylpent-1-yn-3-yl)pyridine-2,6-dicarboxamide 89. 
A mixture of 2,6-pyridinedicarbonyl dichloride (1.203 g, 5.9 
mmol), 1,1-diethylpropargylamine (1.7 mL, 12.5 mmol) and 
Et3N (2.5 mL, 17.9 mmol) in dry CH2Cl2 (60 mL) was heated 
to reflux for 3 days. The reaction mixture was then washed 
successively with 1 M HCl, saturated NaHCO3 solution and 
water. The organic layer was dried (MgSO4) and the solvent removed by 
evaporation under reduced pressure. The residue was purified by column 
chromatography (SiO2, cyclohexane/EtOAc 1:1) to afford 89 (1.593 g, 76 %) as a 
yellow solid. 1H NMR (300.1 MHz, CDCl3): ! = 8.32 (d, J = 7.7 Hz, 2H, H2), 8.04 (dd, 
J = 8.1, 7.4 Hz, 1H, H1), 7.78 (br s, 2H, H5), 2.43 (s, 2H, H10), 2.35–2.23 (m, 4H, H7), 
2.03–1.91 (m, 4H, H7’), 1.07 (t, J = 7.4 Hz, 12H, H8); 
13C NMR (75.5 MHz, CDCl3): ! = 
162.0 (quat. C, C4), 148.8 (quat. C, C3), 139.4 (CH, C1), 124.8 (CH, C2), 84.7 (quat. C, 
C9), 71.9 (CH, C10), 57.1 (quat. C, C6), 30.9 (CH2, C7), 8.9 (CH3, C8); MS (ES+): m/z (%) 
= 311 (25), 376 ([M+Na]+, 100); HRMS (ES+): m/z calc. for [M+Na]+ C21H27N3O2Na 
376.2001, found 376.1996. 
 
1,3-Bis(2-bromobenzyl)imidazolidin-2-one 92. 
A mixture of ethyleneurea (200 mg, 2.32 mmol) and NaH 
(60% w/w dispersion in mineral oil, 628 mg, 15.70 mmol) in 
1,4-dioxane (8.0 mL) was heated to reflux for 1.5 h. The 
reaction mixture was cooled to ambient temperature and 2-bromobenzyl bromide 
(1.23 g, 4.92 mmol) was added. The reaction mixture was heated to reflux 
overnight,  and then filtered. The solvent was removed by evaporation under 
reduced pressure. The residue was purified by column chromatography (SiO2, 
cyclohexane/EtOAc 1:1) to afford 92 (881 mg, 90%) as a pale yellow solid. M.p. 
115.8–116.9 °C; 1H NMR (300.1 MHz, CDCl3): ! = 7.55 (dd, J = 7.9, 1.2 Hz, 2H, Ar 
CH), 7.38 (ddd, J = 7.7, 1.9, 0.3 Hz, 2H, Ar CH), 7.30 (td, J = 7.4, 1.3 Hz, 2H, Ar CH), 
7.14 (ddd, J = 7.9, 7.3, 1.9 Hz, 2H, Ar CH), 4.56 (s, 4H, CH2), 3.29 (s, 4H, CH2);
 13C 
NMR (75.5 MHz, CDCl3): ! = 161.0 (quat. C), 136.5 (quat. C), 132.9 (CH), 129.9 (CH), 
129.1 (CH), 127.9 (CH), 123.9 (quat. C), 48.3 (CH2), 42.7 (CH2); MS (CI+): m/z (%) = 
Br
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345 (40), 423 ([M+H]+, 55), 425 (100), 427 (47); HRMS (CI+): m/z calc. for [M+H]+ 
C17H17N2O
79Br81Br 424.9687, found 424.9680. 
 
1,3-Bis(2-(3-amino-3-ethylpent-1-ynyl)benzyl)imidazolidin-2-one 93. 
A degassed (by bubbling Ar) solution of 1,1-
diethylpropargylamine (812 mg, 7.30 mmol) and 92 (1.00 
g, 2.36 mmol) in dry THF (15 mL) was cannulated into a 
degassed (by bubbling Ar) suspension of PPh3 (93 mg, 
0.35 mmol), CuI (25 mg, 0.13 mmol) and PdCl2(PPh3)2 
(124 mg, 0.18 mmol) in Et3N (30 mL). The reaction mixture was heated at 70 ºC 
under an Ar atmosphere for 5 days. The reaction mixture was then diluted with 
CHCl3 and filtered through Celite. The filtrate was concentrated by evaporation 
under reduced pressure. The residue was purified by column chromatography 
(SiO2, gradient from 98:2 to 90:10 CHCl3/MeOH) to afford 93 (561 mg, 49%) as a 
brown solid. 1H NMR (400.1 MHz, CDCl3): ! = 7.41 (dd, J = 7.5, 1.1 Hz, 2H, H8), 7.33 
(dd, J = 7.6, 1.1 Hz, 2H, H5), 7.27 (td, J = 7.5, 1.5 Hz, 2H, H6), 7.21 (td, J = 7.4, 1.6 Hz, 
2H, H7), 4.59 (s, 4H, H3), 3.20 (s, 4H, H2), 1.86 (br s, 4H, H15), 1.73 (dq, J = 13.5, 7.5 
Hz, 4H, H13), 1.62 (dq, J = 13.5, 7.4 Hz, 4H, H13’), 1.08 (t, J = 7.4 Hz, 12H, H14); 
13C 
NMR (100.6 MHz, CDCl3): ! = 161.1 (quat. C, C1), 138.7 (quat. C, C4), 132.5 (CH, C8), 
128.4 (2 ! CH, C5+C6), 127.3 (CH, C7), 123.2 (quat. C, C9), 99.8 (quat. C, C11), 80.4 
(quat. C, C10), 53.6 (quat. C, C12), 46.8 (CH2, C3), 42.6 (CH2, C2), 34.8 (CH2, C13), 9.1 
(CH3, C14); MS (ES+): m/z (%) = 485 ([M+H]
+, 100); HRMS (CI+): m/z calc. for 
[M+H]+ C31H41N4O 485.3280, found 485.3273. 
 
Macrocycle 94. 
2,6-Pyridinedicarbonyl dichloride (84 mg, 0.41 mmol) was 
added to a mixture of 93 (200 mg, 0.41 mmol) and Et3N 
(0.2 mL, 1.43 mmol) in dry CH2Cl2 (15 mL). The reaction 
mixture was stirred at ambient temperature for 2 days, 
then heated at 50 °C for 6 days. The reaction mixture was 
then diluted with CH2Cl2 and washed successively with 1 
M HCl, saturated NaHCO3 solution and water. The 
organic layer was dried (MgSO4) and  the solvent was removed by evaporation 
under reduced pressure. The residue, redissolved in a minimum of CHCl3, was 
purified by column chromatography (SiO2, cyclohexane/EtOAc 1:1) to afford 94 
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(166 mg, 66%) as a white solid. Crystals were grown by vapour diffusion of 
pentane into a solution of 94 in CH2Cl2 at ambient temperature. M.p. >260 °C 
(decomp.); 1H NMR (300.1 MHz, CDCl3): ! = 9.14 (s, 2H, H15), 8.27 (d, J = 7.7 Hz, 
2H, H18), 7.94 (dd, J = 8.1, 7.5 Hz, 1H, H19), 7.47–7.44 (m, 2H, Ar CH), 7.29–7.17 (m, 
6H, Ar CH), 4.42 (s, 4H, H3), 2.92 (s, 4H, H2), 2.66–2.55 (m, 4H, H13), 2.08–1.96 (m, 
4H, H13’), 1.08 (t, J = 7.4 Hz, 12H, H14); 
13C NMR (75.5 MHz, CDCl3): ! = 163.7 (quat. 
C), 159.3 (quat. C), 150.7 (quat. C), 139.2 (quat. C), 138.1 (CH), 132.4 (CH), 130.1 
(CH), 127.9 (2 ! CH), 124.4 (CH), 123.5 (quat. C), 97.3 (quat. C), 80.9 (quat. C), 59.5 
(quat. C), 48.2 (CH2), 41.4 (CH2), 31.2 (CH2), 9.6 (CH3); MS (ES+): m/z (%) = 638 
([M+Na]+, 100), 639 (39); HRMS (ES+): m/z calc. for [M+Na]+ C38H41N5O3Na 
638.3107, found 638.3120. 
 
Macrocycle 96. 
Isophthaloyl dichloride (41 mg, 0.20 mmol) was added to a 
mixture of 93 (98 mg, 0.20 mmol) and Et3N (0.1 mL, 0.72 
mmol) in dry CH2Cl2 (15 mL). The reaction mixture was 
stirred at ambient temperature for 2 days, then heated at 
50 °C for 5 days. The reaction mixture was then diluted 
with CH2Cl2 and washed successively with 1 M HCl, 
saturated NaHCO3 solution and water. The organic layer 
was dried (MgSO4) and  the solvent was removed by evaporation under reduced 
pressure. The residue, redissolved in a minimum of CHCl3, was purified by 
column chromatography (SiO2, cyclohexane/EtOAc 1:1) to afford 96 (55 mg, 45%) 
as a white solid. Crystals were grown by vapour diffusion of hexanes into a 
solution of 96 in CHCl3 at ambient temperature. M.p. >280 °C (decomp.); 
1H NMR 
(300.1 MHz, CDCl3): ! = 9.13 (t, J = 1.5 Hz, 1H, H20), 8.13 (dd, J = 7.8, 1.6 Hz, 2H, 
H18), 7.54 (t, J = 7.8 Hz, 1H, H19), 7.48–7.45 (m, 4H, H8+H15), 7.32–7.19 (m, 6H, 
H5+H6+H7), 4.39 (s, 4H, H3), 2.91 (s, 4H, H2), 2.71–2.59 (m, 4H, H13), 1.96–1.84 (m, 
4H, H13’), 1.08 (t, J = 7.3 Hz, 12H, H14); 
13C NMR (75.5 MHz, CDCl3): ! = 165.6 (quat. 
C, C16), 159.8 (quat. C, C1), 138.6 (quat. C, C4), 135.4 (quat. C, C17), 132.6 (CH, C8), 
131.1 (CH, C18), 130.4 (CH), 129.1 (CH, C19), 128.2 (2 ! CH), 123.3 (quat. C, C9), 123.1 
(CH, C20), 96.7 (quat. C, C11), 81.7 (quat. C, C10), 60.2 (quat. C, C12), 48.5 (CH2, C3), 
42.1 (CH2, C2), 31.4 (CH2, C13), 9.6 (CH3, C14); MS (ES+): m/z (%) = 637 ([M+Na]
+, 
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100), 638 (8); HRMS (ES+): m/z calc. for [M+Na]+ C39H42N4O3Na 637.3155, found 
637.3163. 
 
1,3-Bis(3-bromobenzyl)imidazolidin-2-one 98. 
A mixture of ethyleneurea (1.02 g, 11.8 mmol) and 
NaH (60% w/w dispersion in mineral oil, 3.21 g, 80.3 
mmol) in 1,4-dioxane (45 mL) was heated to reflux for 
1.5 h. The reaction mixture was cooled to ambient temperature and 3-bromobenzyl 
bromide (6.19 g, 24.8 mmol) was added. The reaction mixture was heated to reflux 
for 22 h, and then filtered. The solvent was removed by evaporation under reduced 
pressure. The residue was purified by column chromatography (SiO2, 
cyclohexane/EtOAc 1:1) to afford 98 (4.30 g, 86%) as a white solid. M.p. 82.3–84.1 
°C; 1H NMR (300.1 MHz, CDCl3): ! = 7.44–7.38 (m, 4H, Ar CH), 7.24–7.21 (m, 4H, 
Ar CH), 4.38 (s, 4H, CH2), 3.19 (s, 4H, CH2); 
13C NMR (75.5 MHz, CDCl3): ! = 160.9 
(quat. C), 139.7 (quat. C), 131.1 (CH), 130.8 (CH), 130.4 (CH), 126.8 (CH), 122.8 
(quat. C), 48.1 (CH2), 42.3 (CH2); MS (CI+): m/z (%) = 423 ([M+H]
+, 54), 425 (100), 
427 (50); HRMS (CI+): m/z calc. for [M+H]+ C17H17N2O
79Br81Br 424.9687, found 
424.9681. 
 
1,3-Bis(3-(3-amino-3-ethylpent-1-ynyl)benzyl)imidazolidin-2-one 99. 
A degassed (by bubbling Ar) solution of 1,1-
diethylpropargylamine (1.40 g, 12.59 mmol) and 98 (2.50 
g, 5.89 mmol) in dry THF (30 mL) was cannulated into a 
degassed (by bubbling Ar) suspension of PPh3 (155 mg, 
0.59 mmol), CuI (58 mg, 0.30 mmol) and PdCl2(PPh3)2 
(208 mg, 0.30 mmol) in Et3N (60 mL). The reaction 
mixture was heated at 70 ºC under an Ar atmosphere for 5 days. The reaction 
mixture was then filtered through Celite and the pad was washed with CHCl3. The 
filtrate was concentrated by evaporation under reduced pressure and the residue 
redissolved in CHCl3. The organic layer was washed successively with saturated 
NaHCO3 solution, water and saturated NaCl solution, and dried (MgSO4). The 
solvent was removed by evaporation under reduced pressure. The residue was 
purified by column chromatography (SiO2, gradient from 10:0 to 9:1 
CHCl3/MeOH) to afford 99 (2.16 g, 76%) as a brown thick oil. 
1H NMR (300.1 MHz, 
CDCl3): ! = 7.32–7.19 (m, 8H, H5+H6+H7+H8), 4.37 (s, 4H, H3), 3.15 (s, 4H, H2), 2.01 
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(br s, 4H, H15), 1.78–1.55 (m, 8H, H13), 1.08 (t, J = 7.4 Hz, 12H, H14); 
13C NMR (75.5 
MHz, CDCl3): ! = 161.0 (quat. C, C1), 137.5 (quat. C, C4), 131.4 (CH, C8), 130.9 (CH, 
C6), 128.7 (CH, C7), 127.8 (CH, C5), 123.9 (quat. C, C9), 94.9 (quat. C, C11), 82.6 (quat. 
C, C10), 53.5 (quat. C, C12), 48.4 (CH2, C3), 42.3 (CH2, C2), 34.8 (CH2, C13), 9.0 (CH3, 
C14); MS (ES+): m/z (%) = 451 (100), 485 ([M+H]
+, 68); HRMS (ES+): m/z calc. for 
[M+H]+ C31H41N4O 485.3280, found 485.3271. 
 
Macrocycle 100. 
2,6-Pyridinedicarbonyl dichloride (384 mg, 1.9 mmol) was 
added to a mixture of 99 (910 mg, 1.9 mmol) and Et3N (1.0 
mL, 7.2 mmol) in dry CH2Cl2 (230 mL). The reaction 
mixture was stirred at ambient temperature for 8 days, 
then heated at 50 °C for 2 days. The reaction mixture was 
then washed successively with 1 M HCl, saturated 
NaHCO3 solution and water. The organic layer was dried 
(MgSO4) and  the solvent was removed by evaporation under reduced pressure. 
The residue was purified by column chromatography (SiO2, cyclohexane/EtOAc 
1:1) to afford 100 (377 mg, 32%). Recrystallisation from CHCl3/hexanes afforded 
100 as a white solid. M.p. 115.8–116.9 °C; 1H NMR (300.1 MHz, CDCl3): ! = 8.25 (d, 
J = 7.6 Hz, 2H, H18), 8.01 (dd, J = 8.2, 7.3 Hz, 1H, H19), 7.84 (s, 2H, H15), 7.38 (dt, J = 
7.6, 1.5 Hz, 2H, H5 or H7), 7.33 (s, 2H, H8), 7.25 (td, J = 7.6, 0.5 Hz, 2H, H6), 7.17 (dt, J 
= 7.8, 1.5 Hz, 2H, H5 or H7), 4.38 (s, 4H, H3), 3.24 (s, 4H, H2), 2.41–2.29 (m, 4H, H13), 
2.08–1.96 (m, 4H, H13’), 1.08 (t, J = 7.4 Hz, 12H, H14); 
13C NMR (75.5 MHz, CDCl3): ! 
= 162.6 (quat. C, C16), 160.9 (quat. C, C1), 149.5 (quat. C, C17), 139.3 (CH, C19), 137.4 
(quat. C, C4), 131.3 (CH), 131.1 (CH), 128.7 (CH), 128.4 (CH), 124.5 (CH, C18), 123.5 
(quat. C, C9), 90.6 (quat. C, C11), 83.5 (quat. C, C10), 57.8 (quat. C, C12), 48.0 (CH2, C3), 
42.3 (CH2, C2), 31.3 (CH2, C13), 9.1 (CH3, C14); MS (ES+): m/z (%) = 638 ([M+Na]
+, 
100), 639 (68); HRMS (ES+): m/z calc. for [M+Na]+ C38H41N5O3Na 638.3107, found 
638.3090. 
 
1,3-Bis(4-bromobenzyl)imidazolidin-2-one 102. 
A mixture of ethyleneurea (1.02 g, 11.8 mmol) and 
NaH (60% w/w dispersion in mineral oil, 3.22 g, 80.5 
mmol) in 1,4-dioxane (45 mL) was heated to reflux for 
1.5 h. The reaction mixture was cooled to ambient temperature and 4-bromobenzyl 
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bromide (6.22 g, 24.9 mmol) was added. The reaction mixture was heated to reflux 
for 21 h,  and then filtered. The solvent was removed by evaporation under 
reduced pressure. The residue was purified by column chromatography (SiO2, 
cyclohexane/EtOAc 1:1) to afford 102 (4.07 g, 81%) as a white solid. M.p. 114.2–
115.4 °C; 1H NMR (400.1 MHz, CDCl3): ! = 7.46 (d, AA’ of AA’BB’ system, J = 8.3 
Hz, H6), 7.16 (d, BB’ of AA’BB’ system, J = 8.2 Hz, H5), 4.35 (s, 4H, H3), 3.15 (s, 4H, 
H2);
 13C NMR (100.6 MHz, CDCl3): ! = 160.9 (quat. C, C1), 136.3 (quat. C, C4), 131.9 
(CH, C6), 130.0 (CH, C5), 121.5 (quat. C, C7), 48.0 (CH2, C3), 42.2 (CH2, C2); MS (CI+): 
m/z (%) = 423 ([M+H]+, 52), 425 (100), 427 (50); HRMS (CI+): m/z calc. for [M+H]+ 
C17H17N2O
79Br81Br 424.9687, found 424.9681. 
 
1,3-Bis(4-(3-amino-3-ethylpent-1-ynyl)benzyl)imidazolidin-2-one 103. 
A degassed (by bubbling Ar) solution of 1,1-
diethylpropargylamine (1.27 g, 11.42 mmol) and 102 (2.31 
g, 5.45 mmol) in dry THF (25 mL) was cannulated into a 
degassed (by bubbling Ar) suspension of PPh3 (142 mg, 
0.54 mmol), CuI (52 mg, 0.27 mmol) and PdCl2(PPh3)2 (190 
mg, 0.27 mmol) in Et3N (50 mL). The reaction mixture 
was heated at 70 ºC under an Ar atmosphere for 5 days. The reaction mixture was 
then filtered through Celite and the pad was washed with CHCl3. The filtrate was 
concentrated by evaporation under reduced pressure and the residue redissolved 
in CHCl3. The organic layer was washed successively with saturated NaHCO3 
solution and water, and dried (MgSO4). The solvent was removed by evaporation 
under reduced pressure. The residue was purified by column chromatography 
(SiO2, gradient from 99:1 to 80:20 CHCl3/MeOH) to afford 103 (2.12 g, 80%) as a 
brown solid. 1H NMR (400.1 MHz, CDCl3): ! = 7.36 (d, AA’ of AA’BB’ system, J = 
8.2 Hz, 4H, H6), 7.20 (d, BB’ of AA’BB’ system, J = 8.3 Hz, 4H, H5), 4.38 (s, 4H, H3), 
3.12 (s, 4H, H2), 1.76–1.53 (m, 12H, H11+H13), 1.06 (t, J = 7.4 Hz, 12H, H12); 
13C NMR 
(100.6 MHz, CDCl3): ! = 161.0 (quat. C, C1), 137.0 (quat. C, C4), 131.9 (CH, C6), 128.2 
(CH, C5), 122.8 (quat. C, C7), 94.9 (quat. C, C9), 82.4 (quat. C, C8), 53.4 (quat. C, C10), 
48.4 (CH2, C3), 42.2 (CH2, C2), 34.9 (CH2, C11), 9.0 (CH3, C12); MS (ES+): m/z (%) = 451 
(100). 
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Macrocycle 105. 
A mixture of 89 (151 mg, 0.43 mmol), PdCl2(PPh3)2 (16 mg, 
0.023 mmol), CuI (5 mg, 0.026 mmol) and PPh3 (11 mg, 0.042 
mmol) in Et3N (10 mL) was heated at 90 ºC in open vessel 
overnight. The reaction mixture was then diluted with CHCl3 
and filtered through Celite. The filtrate was concentrated by 
evaporation under reduced pressure. The residue was 
purified by column chromatography (SiO2, 
cyclohexane/EtOAc 1:1) to afford 105 (5 mg, 3%) as a solid. 
Crystals were grown by vapor diffusion of hexanes into a solution of 105 in CHCl3 
at ambient temperature. 1H NMR (300.1 MHz, CDCl3): ! = 8.21 (d, J = 7.5 Hz, 4H, 
H2), 8.03 (dd, J = 8.3, 7.2 Hz, 2H, H1), 7.76 (s, 4H, H5), 2.51–2.39 (m, 8H, H7), 2.02–
1.90 (m, 8H, H7’), 1.10 (t, J = 7.4 Hz, 24H, H8); 
13C NMR (75.5 MHz, CDCl3): ! = 162.4 
(quat. C, C4), 149.3 (quat. C, C3), 139.6 (CH, C1), 124.5 (CH, C2), 80.0 (quat. C, C9), 
67.9 (quat. C, C10), 59.3 (quat. C, C6), 31.1 (CH2, C7), 9.2 (CH3, C8); MS (ES–): m/z (%) 
= 701 ([M–H]–, 100), 702 (25); HRMS (ES–): m/z calc. for [M–H]– C42H49N6O4 
701.3815, found 701.3816. 
 
tert-Butyl (3-bromobenzyl)carbamate 107. 
Di-tert-butyl dicarbonate (3.30 g, 15.1 mmol) was added to a 
mixture of 3-bromobenzylamine hydrochloride (3.04 g, 13.7 
mmol) and NaHCO3 (4.62 g, 55.0 mmol) in dry THF (40 mL) at 
0 °C. The reaction mixture was stirred at ambient temperature 
for 24 h, and then filtered. The filtrate was concentrated by evaporation under 
reduced pressure. The residue was purified by column chromatography (SiO2, 
cyclohexane/EtOAc 2:1) to afford 107 (3.91 g, 100%) as a white solid. 1H NMR 
(400.1 MHz, CDCl3): ! = 7.42–7.41 (m, 1H, Ar CH), 7.39–7.37 (m, 1H, Ar CH), 7.22–
7.16 (m, 2H, Ar CH), 4.91 (br s, 1H, H8), 4.28 (d, J = 5.8 Hz, 2H, H7), 1.46 (s, 9H, H11);
 
13C NMR (100.6 MHz, CDCl3): ! = 155.9 (quat. C, C9), 141.5 (quat. C, C6), 130.5 (2 ! 
CH), 130.3 (CH), 126.1 (CH), 122.8 (quat. C, C2), 79.9 (quat. C, C10), 44.2 (CH2, C7), 
28.5 (CH3, C11); MS (ES+): m/z (%) = 308 ([M+Na]
+, 100), 310 (75), 322 (20), 324 (15); 
HRMS (ES+): m/z calc. for [M+Na]+ C12H16NO2Na
79Br 308.0262, found 308.0269. 
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1,3-Diprop-2-yn-1-ylimidazolidin-2-one 109. 
Tetra-n-butylammonium bromide (6.74 g, 20.9 mmol) and powdered 
KOH (9.81 g, 174.8 mmol) were added to a stirred suspension of 
ethyleneurea (6.00 g, 69.7 mmol) in dry THF (140 mL) at 0 °C. 
Propargyl benzenesulfonate (28.78 g, 146.7 mmol) was added to the resulting 
mixture and the ice bath was removed after 15 min. Stirring was continued for 1 h 
at ambient temperature and then the reaction mixture was heated at 70 °C for 4 
days. The precipitate was filtered off and washed with CH2Cl2. The filtrate was 
concentrated by evaporation under reduced pressure. The residue was purified by 
column chromatography (SiO2, cyclohexane/EtOAc 1:1) to afford 109 (4.5 g, 40%) 
as a brown solid. M.p. 99.5–102.6 °C; 1H NMR (300.1 MHz, CDCl3): ! = 4.03 (d, J = 
2.5 Hz, 4H, H3), 3.44 (s, 4H, H2), 2.23 (t, J = 2.5 Hz, 2H, H5);
 13C NMR (75.5 MHz, 
CDCl3): ! = 159.9 (quat. C, C1), 78.1 (quat. C, C4), 72.6 (CH, C5), 42.0 (CH2, C2), 34.1 
(CH2, C3); MS (CI+): m/z (%) = 163 ([M+H]
+, 100); HRMS (CI+): m/z calc. for [M+H]+ 
C9H11N2O 163.0871, found 163.0873. 
 
tert-Butyl (3,3'-(3,3'-(2-oxoimidazolidine-1,3-diyl)bis(prop-1-yne-3,1-diyl))bis(3,1-
phenylene))bis(methylene)dicarbamate 110. 
A degassed (by bubbling Ar) solution of 107 (3.84 g, 13.4 
mmol) and 109 (1.04 g, 6.4 mmol) in dry THF (30 mL) was 
cannulated into a degassed (by bubbling Ar) suspension of 
PPh3 (168 mg, 0.64 mmol), CuI (61 mg, 0.32 mmol) and 
PdCl2(PPh3)2 (227 mg, 0.32 mmol) in Et3N (60 mL). The 
reaction mixture was heated at 65 ºC under an Ar 
atmosphere for 4 days. The reaction mixture was then 
filtered through Celite and the pad was washed with CHCl3. The filtrate was 
concentrated by evaporation under reduced pressure. The residue was purified by 
column chromatography (SiO2, cyclohexane/EtOAc 1:1) to afford 110 (1.16 g, 32%) 
as a yellow solid. 1H NMR (300.1 MHz, CDCl3): ! = 7.34–7.24 (m, 8H, Ar CH), 4.84 
(br s, 2H, NH), 4.29 (s, 4H, CH2), 4.27 (s, 4H, CH2), 3.52 (s, 4H, CH2), 1.46 (s, 18H, 
CH3);
 13C NMR (75.5 MHz, CDCl3): ! = 160.0 (quat. C), 156.0 (quat. C), 139.3 (quat. 
C), 130.9 (2 ! CH), 128.7 (CH), 127.7 (CH), 123.1 (quat. C), 84.3 (quat. C), 83.8 (quat. 
C), 79.8 (quat. C), 44.4 (CH2), 42.2 (CH2), 35.0 (CH2), 28.5 (CH3); MS (ES+): m/z (%) = 
595 ([M+Na]+, 100); HRMS (ES+): m/z calc. for [M+Na]+ C33H40N4O5Na 595.2896, 
found 595.2893. 
NN
NH
O
HN
O
O
O
O
NN
O
1
2
3
4
5
7. Experimental 185 
 
(3,3'-(3,3'-(2-Oxoimidazolidine-1,3-diyl)bis(prop-1-yne-3,1-diyl))bis(3,1-
phenylene))dimethanaminium chloride 111. 
A solution of 110 (183 mg, 0.32 mmol) in EtOH was treated 
with 3 M HCl. The reaction mixture was heated at 50 ºC for 4 
h, and then concentrated by evaporation under reduced 
pressure. The residue was suspended in CHCl3 and filtered off, 
affording 111 (90 mg, 63%) as a brown solid. 1H NMR (300.1 
MHz, D2O): ! = 7.54–7.42 (m, 8H, H7+H8+H9+H11), 4.23 (s, 4H, 
H3), 4.14 (s, 4H, H12), 3.60 (s, 4H, H2);
 13C NMR (75.5 MHz, D2O): ! = 162.2 (quat. C), 
133.0 (quat. C), 132.4 (CH), 131.9 (CH), 129.4 (CH), 129.2 (CH), 122.7 (quat. C), 84.3 
(quat. C), 83.2 (quat. C), 42.6 (CH2), 42.4 (CH2), 34.4 (CH2); MS (ES+): m/z (%) = 170 
(85), 186 (35), 373 ([M–2HCl+H]+, 100), 745 (35); HRMS (ES+): m/z calc. for [M–
2HCl+H]+ C23H25N4O 373.2028, found 373.2030. 
 
Macrocycle 112. 
A solution of 2,6-pyridinedicarbonyl dichloride (101 mg, 
0.50 mmol) in dry CHCl3 (20 mL) was added over 20 min to 
a mixture of 111 (205 mg, 0.46 mmol) and Et3N (0.26 mL, 
1.87 mmol) in dry CHCl3 (40 mL). The reaction mixture was 
stirred at ambient temperature for 13 days, and then 
washed successively with 1 M HCl and 1 M KOH. The 
organic layer was dried (MgSO4) and  the solvent was 
removed by evaporation under reduced pressure. The 
residue, redissolved in a minimum of CHCl3, was purified by column 
chromatography (SiO2, cyclohexane/EtOAc 1:3) to afford 112 (74 mg, 32%) as a 
solid. 1H NMR (300.1 MHz, CDCl3): ! = 8.43 (d, J = 7.8 Hz, 2H, H16), 8.10 (t, J = 6.2 
Hz, 2H, H13), 8.07 (dd, J = 8.1, 7.5 Hz, 1H, H17), 7.44 (s, 2H, H11), 7.37–7.24 (m, 6H, 
H7+H8+H9), 4.66 (d, J = 6.4 Hz, 4H, H12), 4.20 (s, 4H, H3), 3.49 (s, 4H, H2);
 13C NMR 
(75.5 MHz, CDCl3): ! = 163.7 (2 ! quat. C), 148.8 (quat. C), 139.2 (CH), 138.4 (quat. 
C), 131.1 (CH), 130.9 (CH), 128.8 (CH), 128.7 (CH), 125.9 (CH), 123.2 (quat. C), 84.4 
(quat. C), 83.8 (quat. C), 43.2 (CH2), 41.8 (CH2), 34.6 (CH2); MS (ES+): m/z (%) = 526 
([M+Na]+, 100). 
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2,6-Dibromopyridine 1-oxide115 114. 
A mixture of 2,6-dibromopyridine (5.02 g, 21.2 mmol), trifluoroacetic 
acid (62 mL) and H2O2 (35% w/w aqueous solution, 7 mL) was heated 
to reflux for 20 h. The reaction mixture was then diluted with water 
(500 mL), cooled to –5 ºC and filtered. The filtrate was concentrated by evaporation 
under reduced pressure. Water (250 mL) was added to the residue and the 
evaporation process was continued. To the final residue was added CHCl3 (150 
mL) standing over anhydrous Na2CO3. The mixture was then filtered and the 
solvent removed by evaporation under reduced pressure to give 114 (4.46 g, 83%) 
as an orange solid. 1H NMR (300.1 MHz, CDCl3): ! = 7.64 (d, J = 8.1 Hz, 2H, H2), 
6.93 (t, J = 8.1 Hz, 1H, H1); 
13C NMR (75.5 MHz, CDCl3): ! = 133.8 (quat. C, C3), 
129.7 (CH, C2), 125.1 (CH, C1); MS (CI+): m/z (%) = 252 ([M+H]
+, 31), 254 (100), 256 
(28); HRMS (CI+): m/z calc. for [M+H]+ C5H4NO
79Br81Br 253.8639, found 253.8641. 
 
2,6-Dibromo-4-nitropyridine 1-oxide115 115. 
114 (4.39 g, 17.4 mmol) was dissolved in H2SO4 (15.0 mL), whereupon 
a mixture of H2SO4 (15.0 mL) and HNO3 (7.5 mL) was added. The 
reaction mixture was heated at 90 ºC for 2 h. Upon cooling to ambient 
temperature, the solution was poured into ice and the precipitate was 
then filtered off, affording 115 (3.61 g, 70%) as a pale yellow solid. 1H NMR (300.1 
MHz, CDCl3): ! = 8.50 (s, 2H, H2); 
13C NMR (75.5 MHz, CDCl3): ! = 140.3 (quat. C, 
C1), 134.1 (quat. C, C3), 123.6 (CH, C2); MS (CI+): m/z (%) = 253 (17), 283 (21), 297 
([M+H]+, 32), 299 (100), 301 (25); HRMS (CI+): m/z calc. for [M+H]+ 
C5H3N2O3
79Br81Br 298.8490, found 298.8491. 
 
2,6-Dibromo-4-nitropyridine134 116. 
PBr3 (11 mL, 117.0 mmol) was added to a suspension of 115 in dry 
CH3CN (50 mL). The reaction mixture was heated to reflux for 23 h, 
and then concentrated by evaporation under reduced pressure. The 
residue was taken up in water. The precipitate was filtered off and washed with 
water and saturated Na2CO3 solution, affording 116 (3.10 g, 91%) as a pale yellow 
solid. 1H NMR (300.1 MHz, CDCl3): ! = 8.19 (s, 2H, H2);
 13C NMR (75.5 MHz, 
CDCl3): ! = 155.2 (quat. C, C1), 142.5 (quat. C, C3), 120.7 (CH, C2); MS (CI+): m/z (%) 
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= 281 ([M+H]+, 23), 283 (100), 285 (20); HRMS (CI+): m/z calc. for [M+H]+ 
C5H3N2O2
79Br81Br 282.8541, found 282.8539. 
 
Tetrabutylammonium 2,6-dibromopyridin-4-olate 117. 
Tetra-n-butylammonium hydroxide (40% w/w aqueous 
solution, 4.4 mL, 6.7 mmol) was added to a solution of 
2,6-dibromo-4-nitropyridine 116 (903 mg, 3.2 mmol) in 
THF (6 mL). The reaction mixture was stirred at ambient 
temperature for 2 days, and then concentrated by 
evaporation under reduced pressure. The residue was taken up in CHCl3. The 
organic layer was washed with water, dried (MgSO4) and concentrated by 
evaporation under reduced pressure, affording 117 (1.58 g, 100%) as an orange 
solid. 1H NMR (300.1 MHz, CDCl3): ! = 6.40 (s, 2H, Ar CH), 3.14–3.09 (m, 8H, CH2), 
1.62–1.51 (m, 8H, CH2), 1.46–1.34 (m, 8H, CH2), 0.99 (t, J = 7.2 Hz, 12H, CH3);
 13C 
NMR (75.5 MHz, CDCl3): ! = 167.4 (quat. C), 140.5 (quat. C), 115.5 (CH), 59.0 (CH2), 
24.0 (CH2), 19.8 (CH2), 13.7 (CH3); MS (ES–): m/z (%) = 250 ([M–TBA]
–, 5), 252 (100), 
254 (5); HRMS (ES–): m/z calc. for [M–TBA]– C5H2NO
79Br81Br 251.8483, found 
251.8483. 
 
2,6-Bis(phenylethynyl)pyridin-4(1H)-one 119. 
A degassed (by bubbling Ar) solution of 
phenylacetylene (0.94 mL, 8.56 mmol) in Et3N (5 mL) 
was cannulated into a degassed (by bubbling Ar) 
suspension of 117 (1.414 g, 2.86 mmol), PPh3 (75 mg, 0.29 
mmol), CuI (28 mg, 0.15 mmol), PdCl2(PPh3)2 (100 mg, 
0.14 mmol) and Et3N (5 mL) in dry THF (8 mL). The reaction mixture was heated at 
90 °C under an Ar atmosphere for 17 h, and then filtered through a pad of Celite. 
The filtrate was concentrated by evaporation under reduced pressure. The residue 
was dissolved in CHCl3. The organic layer was washed with water (2 !), dried 
(MgSO4) and concentrated by evaporation under reduced pressure. The residue 
was purified by column chromatography (SiO2, gradient CHCl3/MeOH) to give 
119. Recrystallisation from cyclohexane/EtOAc afforded 119 (283 mg, 34%) as a 
brown solid. 1H NMR (300.1 MHz, (CD3)2SO): ! = 11.28 (br s, 1H, NH), 7.64–7.60 
(m, 4H, Ar CH), 7.50–7.45 (m, 6H, Ar CH), 7.02 (s, 2H, CH); 13C NMR (75.5 MHz, 
(CD3)2SO): ! = 164.5 (quat. C), 143.8 (quat. C), 131.8 (CH), 129.6 (CH), 128.9 (CH), 
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121.2 (quat. C), 114.6 (CH), 88.4 (quat. C), 88.0 (quat. C); MS (ES+): m/z (%) = 296 
([M+H]+, 100); HRMS (ES+): m/z calc. for [M+H]+ C21H14NO 296.1075, found 
296.1075. 
 
4,4'-[Pyridine-2,6-diylbis(methyleneoxymethylene)]dibenzonitrile 122. 
NaH (60% w/w dispersion in mineral oil, 1.87 g, 46.8 mmol) was 
slowly added to a mixture of 2,6-pyridinedimethanol (2.50 g, 
18.0 mmol) and 4-(bromomethyl)benzonitrile (7.40 g, 37.7 mmol) 
in dry THF (120 mL). The reaction mixture was heated at 70 ºC 
for 2 days, and then quenched with water. The mixture was 
concentrated by evaporation under reduced pressure and 
extracted with EtOAc (3 !). The combined organic layers were 
dried (MgSO4) and the solvent was removed by evaporation under reduced 
pressure. The residue was purified by column chromatography (SiO2, 
cyclohexane/EtOAc 1:1) to give 122 as a white solid (5.77 g, 87%). 1H NMR (400.1 
MHz, CDCl3): ! = 7.75 (t, J = 7.7 Hz, 1H, H1), 7.67–7.64 (m, AA’ of AA’BB’ system, 
4H, H8), 7.51–7.48 (m, BB’ of AA’BB’ system, 4H, H7), 7.40 (d, J = 7.7 Hz, 2H, H2), 
4.71 (s, 4H, H5), 4.70 (s, 4H, H4); 
13C NMR (100.6 MHz, CDCl3): ! = 157.6 (quat. C, 
C3), 143.6 (quat. C, C6), 137.6 (CH, C1), 132.4 (CH, C8), 127.9 (CH, C7), 120.4 (CH, C2), 
118.9 (quat. C, C10), 111.6 (quat. C, C9), 73.7 (CH2, C4), 72.1 (CH2, C5); MS (CI+): m/z 
(%) = 239 (27), 370 ([M+H]+, 100); HRMS (CI+): m/z calc. for [M+H]+ C23H20N3O2 
370.1556, found 370.1544. 
 
(4,4'-(Pyridine-2,6-diylbis(methylene))bis(oxy)bis(methylene)bis(4,1-
phenylene))dimethanamine 123. 
A solution of BH3!THF complex (1 M solution in THF, 29 mL, 
29.0 mmol) was added to a solution of 122 (2.35 g, 6.4 mmol) in 
dry THF (80 mL) at 0 °C under a N2 atmosphere. The reaction 
mixture was stirred at ambient temperature for 1.5 h, and then 
heated at 70 ºC for 18 h. The reaction mixture was quenched 
with 1 M HCl, concentrated by evaporation under reduced 
pressure and extracted with CH2Cl2 (1 !). The aqueous layer 
was made alkaline with 1 M KOH (up to pH 12) and extracted with CH2Cl2 (3 !). 
The combined organic layers were dried (MgSO4) and the solvent was removed by 
evaporation under reduced pressure to yield the desired 123 (1.96 g, 81%) as a 
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white solid, which was used in the next step without further purification. 1H NMR 
(400.1 MHz, CDCl3): ! = 7.71 (t, J = 7.7 Hz, 1H, H1), 7.39 (d, J = 7.8 Hz, 2H, H2), 7.36 
(d, AA’ of AA’BB’ system, J = 8.2 Hz, 4H, H7), 7.30 (d, BB’ of AA’BB’ system, J = 8.2 
Hz, 4H, H8), 4.66 (s, 4H, H4), 4.63 (s, 4H, H5), 3.87 (s, 4H, H10), 1.46 (br s, 4H, H11); 
13C NMR (75.5 MHz, CDCl3): ! = 158.1 (quat. C, C3), 143.1 (quat. C, C9), 137.4 (CH, 
C1), 136.6 (quat. C, C6), 128.3 (CH, C7), 127.3 (CH, C8), 120.1 (CH, C2), 73.2 (CH2, C4), 
72.9 (CH2, C5), 46.5 (CH2, C10); MS (ES+): m/z (%) = 374 (50), 378 ([M+H]
+, 100), 400 
(47); HRMS (ES+): m/z calc. for [M+Na]+ C23H27N3O2Na 400.2001, found 400.2005. 
 
Macrocycle 124. 
The crude diamine 123 (1.00 g) was dissolved in dry CH2Cl2 
(110 mL) and was added simultaneously with a solution of 2,6-
pyridinedicarbonyl dichloride (0.54 g, 2.6 mmol) in dry CH2Cl2 
(110 mL) to a solution of Et3N (1.5 mL, 10.8 mmol) in dry 
CH2Cl2 (110 mL) over 1.5 h at ambient temperature under a N2 
atmosphere. The reaction mixture was stirred at ambient 
temperature for 4 days, and then heated to reflux for 3 more 
days. The reaction mixture was washed successively with 1 M 
HCl and 1 M KOH. The organic layer was dried (MgSO4) and 
the solvent was removed by evaporation under reduced pressure. The residue was 
purified by column chromatography (SiO2, gradient from 45:45:10 to 0:90:10 
cyclohexane/EtOAc/CHCl3) to give 124 as a white solid (227 mg, 17%). Crystals 
were grown by vapor diffusion of cyclohexane into a solution of 124 in THF at 
ambient temperature. 1H NMR (400.1 MHz, CDCl3): ! = 8.40 (d, J = 7.8 Hz, 2H, H14), 
8.06 (dd, J = 8.0, 7.6 Hz, 1H, H15), 7.88 (br t, J = 5.8 Hz, 2H, H11), 7.70 (t, J = 7.7 Hz, 
1H, H1), 7.34–7.31 (m, 6H, H2+H7), 7.28–7.26 (m, 4H, H8), 4.70 (d, J = 6.1 Hz, 4H, 
H10), 4.62 (s, 4H, H5), 4.52 (s, 4H, H4); 
13C NMR (100.6 MHz, CDCl3): ! = 163.4 (quat. 
C, C12), 157.6 (quat. C, C3), 148.9 (quat. C, C13), 139.3 (CH, C15), 137.5 (quat. C, C9), 
137.4 (quat. C, C6), 137.3 (CH, C1), 129.1 (CH, C7), 127.9 (CH, C8), 125.5 (CH, C14), 
121.2 (CH, C2), 72.0 (CH2, C4), 71.8 (CH2, C5), 43.3 (CH2, C10); MS (ES+): m/z (%) = 
531 ([M+Na]+, 100), 532 (60); HRMS (ES+): m/z calc. for [M+Na]+ C30H28N4O4Na 
531.2008, found 531.2009. 
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 2,6-Bis((4-tert-butylphenyl)ethynyl)pyridin-4(1H)-one 126. 
A degassed (by bubbling Ar) solution of 4-tert-
butylphenylacetylene (1.1 mL, 6.10 mmol) in 
Et3N (5 mL) was cannulated into a degassed (by 
bubbling Ar) suspension of 117 (1.394 g, 2.82 
mmol), PPh3 (75 mg, 0.29 mmol), CuI (27 mg, 0.14 
mmol), PdCl2(PPh3)2 (99 mg, 0.14 mmol) and Et3N (5 mL) in dry THF (8 mL). The 
reaction mixture was heated at 70 °C under an Ar atmosphere for 3 days, and then 
filtered through a pad of Celite. The filtrate was concentrated by evaporation under 
reduced pressure. The residue was dissolved in CHCl3. The organic layer was 
washed with water, dried (MgSO4) and concentrated by evaporation under 
reduced pressure. The residue was purified by column chromatography (SiO2, 
cyclohexane/EtOAc 2:1) to give 126 (353 mg, 31%) as a white solid. 1H NMR (300.1 
MHz, (CD3)2SO): ! = 11.20 (br s, 1H, NH), 7.57–7.53 (m, AA’ of AA’BB’ system, 4H, 
Ar CH), 7.50–7.46 (m, BB’ of AA’BB’ system, 4H, Ar CH), 6.98 (s, 2H, CH), 1.30 (s, 
18H, CH3);
 13C NMR (75.5 MHz, (CD3)2SO): ! = 164.4 (quat. C), 152.4 (quat. C), 143.9 
(quat. C), 131.6 (CH), 125.8 (CH), 118.3 (quat. C), 114.3 (CH), 88.2 (quat. C), 88.0 
(quat. C), 34.7 (quat. C), 30.9 (CH3); MS (ES+): m/z (%) = 430 ([M+Na]
+, 100); HRMS 
(ES+): m/z calc. for [M+H]+ C29H30NO 408.2327, found 408.2331. 
 
4,4'-[Oxybis(ethane-2,1-diyloxymethylene)]dibenzonitrile117a 128. 
A mixture of NaH (60% dispersion in mineral oil, 0.76 g, 19.0 
mmol), diethylene glycol (0.7 mL, 7.3 mmol) and 4-
(bromomethyl)benzonitrile (3.01 g, 15.4 mmol) in dry THF (60 
mL) was heated at 70 °C under a N2 atmosphere for 16 h. The 
reaction mixture was quenched with EtOH and then water, 
concentrated by evaporation under reduced pressure and 
extracted with EtOAc (3 !). The combined organic layers were dried (MgSO4) and 
the solvent was removed by evaporation under reduced pressure. The residue was 
purified by column chromatography (SiO2, cyclohexane/EtOAc 1:1) to give 128 as 
a yellow oil (2.19 g, 89%). 1H NMR (400.1 MHz, CDCl3): ! = 7.62–7.60 (m, AA’ of 
AA’BB’ system, 4H, H6), 7.45–7.43 (m, BB’ of AA’BB’ system, 4H, H5), 4.62 (s, 4H, 
H3), 3.72–3.66 (m, 8H, H1+H2); 
13C NMR (75.5 MHz, CDCl3): ! = 144.0 (quat. C, C4), 
132.2 (CH, C6), 127.8 (CH, C5), 118.9 (quat. C, C8), 111.3 (quat. C, C7), 72.3 (CH2, C3), 
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70.7 (CH2, C1), 70.2 (CH2, C2); MS (CI+): m/z (%) = 116 (70), 337 ([M+H]
+, 100); 
HRMS (CI+): m/z calc. for [M+H]+ C20H21N2O3 337.1552, found 337.1556. 
 
Diamine 129. 
A solution of BH3!THF complex (1 M solution in THF, 75 mL, 
75.0 mmol) was added to a solution of 128 (5.63 g, 16.7 mmol) in 
dry THF (70 mL) at 0 °C under a N2 atmosphere. The reaction 
mixture was stirred at ambient temperature for 2 h, and then 
heated to reflux for 24 h. The reaction mixture was quenched 
with 1 M HCl, concentrated by evaporation under reduced 
pressure and extracted with CH2Cl2 (1 !). The aqueous layer was made alkaline 
with 5 M KOH (up to pH 12) and extracted with CH2Cl2 (3 !). The combined 
organic layers were dried (MgSO4) and the solvent was removed by evaporation 
under reduced pressure. The residue was purified by column chromatography 
(SiO2, gradient from 98:1:1 to 90:5:5 CH2Cl2/MeOH/Et3N) to give 129 (4.18 g, 73%) 
as an orange oil. 1H NMR (300.1 MHz, CDCl3): ! = 7.32–7.30 (m, AA’ of AA’BB’ 
system, 4H, H5), 7.28–7.25 (m, BB’ of AA’BB’ system, 4H, H6), 4.55 (s, 4H, H3), 3.85 
(s, 4H, H8), 3.70–3.61 (m, 8H, H1+H2), 1.60 (br s, 4H, H9); 
13C NMR (100.6 MHz, 
CDCl3): ! = 142.8 (quat. C, C7), 136.9 (quat. C, C4), 128.2 (CH, C5), 127.2 (CH, C6), 
73.1 (CH2, C3), 70.8 (CH2, C1), 69.5 (CH2, C2), 46.4 (CH2, C8); MS (CI+): m/z (%) = 105 
(22), 119 (46), 120 (100), 328 (20), 345 ([M+H]+, 12); HRMS (CI+): m/z calc. for 
[M+H]+ C20H29N2O3 345.2178, found 345.2177. 
 
Macrocycle117a 130. 
A solution of 129 (1.269 g, 3.68 mmol) in dry CH2Cl2 (70 mL) 
and a solution of 2,6-pyridinedicarbonyl dichloride (753 mg, 
3.69 mmol) in dry CH2Cl2 (70 mL) were added simultaneously 
over 50 min to a solution of 4-pyridone (351 mg, 3.69 mmol) and 
Et3N (2.0 mL, 14.35 mmol) in dry CH2Cl2 (90 mL) at ambient 
temperature under a N2 atmosphere. The reaction mixture was 
stirred at ambient temperature for 3 days. The reaction mixture 
was then washed successively with 1 M HCl and 1 M KOH. The 
organic layer was dried (MgSO4) and concentrated by evaporation under reduced 
pressure. The residue was purified by column chromatography (SiO2, 
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EtOAc/CHCl3 9:1) to give 130 (685 mg, 39%) as a white solid. Crystals were grown 
by vapor diffusion of cyclohexane into a solution of 130 in MeOH at ambient 
temperature. 1H NMR (400.1 MHz, CDCl3): ! = 8.25 (d, J = 7.8 Hz, 2H, H12), 8.10 (br 
s, 2H, H9), 8.01 (t, J = 7.8 Hz, 1H, H13), 7.28 (d, AA’ of AA’BB’ system, J = 8.0 Hz, 
4H, H5), 7.21 (d, BB’ of AA’BB’ system, J = 8.0 Hz, 4H, H6), 4.62 (d, J = 5.7 Hz, 4H, 
H8), 4.56 (s, 4H, H3), 3.74-3.68 (m, 8H, H1+H2); 
13C NMR (100.6 MHz, CDCl3): ! = 
163.4 (quat. C, C10), 148.6 (quat. C, C11), 139.6 (CH, C13), 138.1 (quat. C, C4), 137.0 
(quat. C, C7), 128.3 (CH, C5), 127.5 (CH, C6), 125.2 (CH, C12), 72.9 (CH2, C3), 71.0 
(CH2, C1), 69.8 (CH2, C2), 43.3 (CH2, C8); MS (ES+): m/z (%) = 498 ([M+Na]
+, 100); 
HRMS (ES+): m/z calc. for [M+Na]+ C27H29N3O5Na 498.2005, found 498.1997. 
 
4-(Chloromethyl)-N-(6-methylpyridin-2-yl)benzamide34 136. 
A solution of 2-amino-6-picoline (5.07 g, 46.9 mmol) in dry 
CH2Cl2 (50 mL) was added dropwise to neat  4-
chloromethylbenzoyl chloride (3.00 g, 15.9 mmol) at 0 °C. 
The reaction mixture was then stirred at ambient temperature for 19 h. The solvent 
was removed by evaporation under reduced pressure and the residue was purified 
by column chromatography (SiO2, hexanes/EtOAc 3:2) to afford 136 (3.85 g, 93%) 
as a white solid. M.p. 125.4–126.3 °C; 1H NMR (300.1 MHz, CDCl3): ! = 8.56 (br s, 
1H, NH), 8.19 (d, J = 8.3 Hz, 1H, Ar CH), 7.96–7.92 (m, AA’ of AA’BB’ system, 2H, 
Ar CH), 7.67 (t, J = 7.9 Hz, 1H, Ar CH), 7.54–7.50 (m, BB’ of AA’BB’ system, 2H, Ar 
CH), 6.95 (d, J = 7.5 Hz, 1H, Ar CH), 4.64 (s, 2H, CH2), 2.49 (s, 3H, CH3); 
13C NMR 
(75.5 MHz, CDCl3): ! = 165.1 (quat. C), 157.0 (quat. C), 150.8 (quat. C), 141.7 (quat. 
C), 139.0 (CH), 134.3 (quat. C), 129.0 (CH), 127.8 (CH), 119.7 (CH), 111.1 (CH), 45.4 
(CH2), 24.1 (CH3). 
 
4-Formyl-N-(6-methylpyridin-2-yl)benzamide34 137. 
A mixture of 136 (3.71 g, 14.2 mmol) and HMTA (6.01 g, 42.9 
mmol) in EtOH (10 mL) and water (10 mL) was heated to 
reflux for 18 h. The reaction mixture was then acidified with 
HCl 37% (3 mL) and heated to reflux for a further 30 min. The reaction mixture was 
diluted with water and extracted with CH2Cl2 (2 !). The combined organic layers 
were washed with water, dried (MgSO4) and concentrated by evaporation under 
reduced pressure. The residue was purified by column chromatography (SiO2, 
hexanes/EtOAc 3:2) to give 137 (2.06 g, 60%) as a white solid. M.p. 108.7–110.6 °C 
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(litt. 108.4–109.6 °C); 1H NMR (300.1 MHz, CDCl3): ! = 10.09 (s, 1H, CHO), 8.73 (br 
s, 1H, NH), 8.17 (d, J = 8.3 Hz, 1H, Ar CH), 8.08–8.05 (m, AA’ of AA’BB’ system, 
2H, Ar CH), 8.00–7.96 (m, BB’ of AA’BB’ system, 2H, Ar CH), 7.66 (t, J = 7.9 Hz, 1H, 
Ar CH), 6.95 (d, J = 7.5 Hz, 1H, Ar CH), 2.43 (s, 3H, CH3); 
13C NMR (75.5 MHz, 
CDCl3): ! = 191.4 (CH), 164.6 (quat. C), 157.2 (quat. C), 150.5 (quat. C), 139.6 (quat. 
C), 139.0 (CH), 138.7 (quat. C), 130.1 (CH), 128.0 (CH), 120.0 (CH), 111.2 (CH), 24.1 
(CH3). 
 
Ethyl phenylpropiolate135 143. 
n-Butyllithium (1.6 M in hexanes, 19 mL, 30.4 mmol) was added 
slowly to a solution of phenylacetylene (2 mL, 18.2 mmol) in dry 
THF (20 mL) at –78 °C under a N2 atmosphere. The reaction 
mixture was then stirred at 0 °C for 30 min, before to be cooled again to –78 °C and 
to be treated with ethyl chloroformate (2.5 mL, 26.2 mmol). The reaction mixture 
was then stirred at ambient temperature for 22 h, quenched with a 1:1 mixture of 
saturated NaHCO3 solution and saturated NH4Cl solution, and extracted with 
Et2O. The organic phase was dried (Na2SO4) and concentrated by evaporation 
under reduced pressure. The residue was purified by column chromatography 
(SiO2, gradient cyclohexane/EtOAc). The product, contaminated, was used in the 
next step without further purification. 
 
Phenylpropiolic acid136 144. 
A solution of 143 (1.00 g) in 1,4-dioxane (7 mL) was treated with a 
solution of KOH (646 mg, 11.5 mmol) in water (3 mL), and heated 
to reflux for 19 h. The reaction mixture was then diluted with water and washed 
with hexanes. The aqueous phase was acidified with 1 M HCl and extracted with 
CH2Cl2. The combined organic phases were washed with saturated NaCl solution, 
dried (Na2SO4) and concentrated by evaporation under reduced pressure, affording 
144 (0.78 g, 84% over 2 steps) as a yellow oil. 1H NMR (300.1 MHz, CDCl3): ! = 
7.63–7.59 (m, 2H, Ar CH), 7.50–7.44 (m, 1H, Ar CH), 7.42–7.36 (m, 2H, Ar CH); 13C 
NMR (75.5 MHz, CDCl3): ! = 156.3 (quat. C), 133.3 (CH), 131.0 (CH), 128.8 (CH), 
119.5 (quat. C), 88.1 (quat. C), 80.4 (quat. C). 
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N-(4-methylphenyl)-3-phenylprop-2-ynamide137 146. 
A mixture of 144 (0.76 g, 5.2 mmol), p-toluidine (559 mg, 
5.2 mmol), HOBt (705 mg, 5.2 mmol), EDC (995 mg, 5.2 
mmol) in DMF (20 mL) was stirred at ambient temperature 
for 65 h. The reaction mixture was then diluted with water and extracted with 
EtOAc. The organic phase was washed successively with 1 M H3PO4 (3 !), 
saturated NaHCO3 solution (3 !), saturated NaCl solution, dried (Na2SO4) and 
concentrated by evaporation under reduced pressure, affording 146 (0.54 g, 44%) as 
a brown solid. 1H NMR (400.1 MHz, CDCl3): ! = 7.68 (br s, 1H, NH), 7.58–7.55 (m, 
2H, Ar CH), 7.47–7.41 (m, 3H, Ar CH), 7.38–7.34 (m, 2H, Ar CH), 7.14 (d, J = 8.2 Hz, 
2H, Ar CH), 2.33 (s, 3H, CH3);
 13C NMR (75.5 MHz, CDCl3): ! = 151.2 (quat. C), 
135.0 (quat. C), 134.7 (quat. C), 132.7 (CH), 130.3 (CH), 129.7 (CH), 128.6 (CH), 120.2 
(CH), 120.1 (quat. C), 85.7 (quat. C), 83.7 (quat. C), 21.0 (CH3); MS (ES+): m/z (%) = 
258 ([M+Na]+, 100); HRMS (ES+): m/z calc. for [M+Na]+ C16H13NONa 258.0895, 
found 258.0904. 
 
1-{4-[(4-Aminophenyl)ethynyl]phenyl}-3-methyl-1H-pyrrole-2,5-dione 148. 
A degassed (by bubbling Ar) solution of 4-
ethynylaniline (457 mg, 3.90 mmol) and Et3N (10 mL) 
in dry THF (10 mL) was cannulated into a degassed 
(by bubbling Ar) suspension of 158 (1.02 g, 3.26 mmol), PPh3 (89 mg, 0.34 mmol), 
CuI (32 mg, 0.17 mmol), PdCl2(PPh3)2 (115 mg, 0.16 mmol) and Et3N (15 mL) in dry 
THF (15 mL). The reaction mixture was heated at 65 ºC under an Ar atmosphere for 
3 days. The reaction mixture was then filtered through Celite. The filtrate was 
concentrated by evaporation under reduced pressure. The residue was purified by 
column chromatography (SiO2, gradient from 10:0 to 9:1 CH2Cl2/MeOH) to afford 
148 (26 mg, 3%) as a yellow solid. 1H NMR (300.1 MHz, CDCl3): ! = 7.56 (d, J = 8.9 
Hz, 2H, Ar CH), 7.34 (d, J = 8.4 Hz, 4H, 2 ! Ar CH), 6.64 (d, J = 8.4 Hz, 2H, Ar CH), 
6.50–6.48 (m, 1H, CH), 3.84 (br s, 2H, NH2), 2.18 (d, J = 1.8 Hz, 3H, CH3). 
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3-(3,5-Bis((4-tert-butylphenyl)ethynyl)phenyl)propiolic acid 149. 
A solution of LiOH (56 mg, 2.34 mmol) in water (0.75 mL) 
was added to a solution of 155 (220 mg, 0.45 mmol) in THF 
(7 mL) The reaction mixture was stirred at ambient 
temperature overnight, and then concentrated by 
evaporation under reduced pressure. The residue was 
acidified with 1 M HCl and extracted with CH2Cl2. The 
organic phase was dried (Na2SO4) and concentrated by 
evaporation under reduced pressure, affording 149 (205 
mg, 99%) as an orange solid. 1H NMR (400.1 MHz, CDCl3): 
! = 7.75 (t, J = 1.4 Hz, 1H, Ar CH), 7.68 (d, J = 1.4 Hz, 2H, 
ArCH), 7.47 (d, J = 8.6 Hz, AA’ of AA’BB’ system, 4H, Ar CH), 7.39 (d, J = 8.5 Hz, 
BB’ of AA’BB’ system, 4H, Ar CH), 1.33 (s, 18H, CH3). 
 
4,4'-(5-Bromo-1,3-phenylene)bis(ethyne-2,1-diyl)bis(tert-butylbenzene)121 151. 
A degassed (by bubbling Ar) solution of 4-tert-
butylphenylacetylene (3.6 mL, 19.95 mmol) in Et3N (20 mL) was 
cannulated into a degassed (by bubbling Ar) suspension of 1,3,5-
tribromobenzene (3.00 g, 9.53 mmol), PPh3 (252 mg, 0.96 mmol), 
CuI (91 mg, 0.48 mmol), PdCl2(PPh3)2 (337 mg, 0.48 mmol) and 
Et3N (20 mL) in dry THF (20 mL). The reaction mixture was 
heated at 50 ºC under an Ar atmosphere for 40 h. The reaction 
mixture was then diluted with CHCl3 and filtered through 
Celite. The filtrate was concentrated by evaporation under 
reduced pressure. The residue was taken up in CHCl3. The organic layer was 
washed with water, dried (MgSO4) and concentrated by evaporation under 
reduced pressure. The residue was purified by column chromatography (SiO2, 
cyclohexane) to afford 151 (2.79 g, 62%) as a white solid. 1H NMR (300.1 MHz, 
CDCl3): ! = 7.61 (s, 3H, Ar CH), 7.46 (d, AA' of AA'BB' system, J = 8.5 Hz, 4H, Ar 
CH), 7.38 (d, BB' of AA'BB' system, J = 8.5 Hz, 4H, Ar CH), 1.33 (s, 18H, CH3);
 13C 
NMR (75.5 MHz, CDCl3): ! = 152.3 (quat. C), 133.8 (CH), 133.2 (CH), 131.6 (CH), 
125.7 (quat. C), 125.6 (CH), 122.0 (quat. C), 119.7 (quat. C), 91.5 (quat. C), 86.7 (quat. 
C), 35.0 (quat. C), 31.3 (CH3); MS (CI+): m/z (%) = 57 (45), 389 (25), 390 (18), 468 (M
+, 
45), 469 (100), 470 (75), 471 (85); HRMS (CI+): m/z calc. for [M+H]+ C30H30
79Br 
469.1531, found 469.1588. 
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4-(3,5-Bis((4-tert-butylphenyl)ethynyl)phenyl)-2-methylbut-3-yn-2-ol121 153. 
A degassed (by bubbling Ar) solution of 2,2-
dimethylpropargyl alcohol (0.3 mL, 3.10 mmol) in Et3N (10 
mL) was cannulated into a degassed (by bubbling Ar) 
suspension of 151 (0.84 g, 1.79 mmol), PPh3 (49 mg, 0.19 
mmol), CuI (18 mg, 0.09 mmol), PdCl2(PPh3)2 (64 mg, 0.09 
mmol) and Et3N (10 mL) in dry THF (10 mL). The reaction 
mixture was heated at 60 ºC under an Ar atmosphere for 2 
days. The reaction mixture was then filtered through 
Celite. The filtrate was concentrated by evaporation under 
reduced pressure. The residue was taken up in CHCl3. The organic layer was 
washed with water, dried (MgSO4) and concentrated by evaporation under 
reduced pressure. The residue was purified by column chromatography (SiO2, 
cyclohexane/EtOAc 4:1) to afford 153 (0.79 g, 93%) as a beige solid. 1H NMR (300.1 
MHz, CDCl3): ! = 7.61 (t, J = 1.6 Hz, 1H, Ar CH), 7.52 (d, J = 1.6 Hz, 2H, Ar CH), 
7.48–7.44 (m, AA' of AA'BB' system, 4H, Ar CH), 7.40–7.36 (m, BB' of AA'BB' 
system, 4H, Ar CH), 1.62 (s, 6H, CH3), 1.33 (s, 18H, CH3);
 13C NMR (75.5 MHz, 
CDCl3): ! = 152.1 (quat. C), 134.2 (CH), 134.0 (CH), 131.6 (CH), 125.6 (CH), 124.3 
(quat. C), 123.5 (quat. C), 119.9 (quat. C), 94.9 (quat. C), 90.8 (quat. C), 87.3 (quat. C), 
81.0 (quat. C), 65.7 (quat. C), 35.0 (quat. C), 31.6 (CH3), 31.3 (CH3); MS (CI+): m/z (%) 
= 399 (20), 415 (15), 455 (40), 473 ([M+H]+, 50); HRMS (CI+): m/z calc. for [M+H]+ 
C35H37O 473.2844, found 473.2891. 
 
4,4'-(5-Ethynyl-1,3-phenylene)bis(ethyne-2,1-diyl)bis(tert-butylbenzene)121 154. 
Powdered NaOH (0.86 g, 21.5 mmol) was added to a solution of 
153 (0.77 g, 1.63 mmol) in dry toluene (35 mL). The reaction 
mixture was heated to reflux for 23 h, and then concentrated by 
evaporation under reduced pressure. The residue was taken up 
in CHCl3. The organic layer was washed successively with 
water and saturated NaCl solution, dried (MgSO4) and 
concentrated by evaporation under reduced pressure. The 
residue was purified by column chromatography (SiO2, CHCl3) 
to afford 154 (616 mg, 91%) as a brown solid. 1H NMR (300.1 
MHz, CDCl3): ! = 7.66 (t, J = 1.5 Hz, 1H, Ar CH), 7.58 (d, J = 1.5 Hz, 2H, Ar CH), 
7.48–7.44 (m, AA' of AA'BB' system, 4H, Ar CH), 7.40–7.36 (m, BB' of AA'BB' 
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system, 4H, Ar CH), 3.10 (s, 1H, CH), 1.33 (s, 18H, CH3);
 13C NMR (75.5 MHz, 
CDCl3): ! = 152.1 (quat. C), 134.7 (CH), 134.5 (CH), 131.6 (CH), 125.6 (CH), 124.4 
(quat. C), 122.9 (quat. C), 119.8 (quat. C), 90.9 (quat. C), 87.2 (quat. C), 82.3 (quat. C), 
78.3 (CH), 35.0 (quat. C), 31.3 (CH3); MS (CI+): m/z (%) = 414 (M
+, 30), 415 (100); 
HRMS (CI+): m/z calc. for [M+H]+ C32H31 415.2426, found 415.2434. 
 
Ethyl 3-(3,5-bis((4-tert-butylphenyl)ethynyl)phenyl)propiolate 155. 
n-Butyllithium (0.7 M in hexanes, 1.6 mL, 1.12 mmol) 
was added slowly to a solution of 154 (310 mg, 0.75 
mmol) in dry THF (6 mL) at –78 °C under a N2 
atmosphere. The reaction mixture was stirred at 0 °C for 
30 min, and then cooled at –78 °C, before to be treated by 
ethyl chloroformate (0.14 mL, 1.47 mmol). The reaction 
mixture was then stirred at ambient temperature 
overnight. The reaction mixture was quenched with a 1:1 
mixture of saturated NaHCO3 solution and saturated 
NH4Cl solution, and extracted with Et2O. The organic phase was dried (Na2SO4) 
and concentrated by evaporation under reduced pressure. The residue was 
purified by column chromatography (SiO2, gradient from 100:0 to 98:2 
cyclohexane/EtOAc) to afford 155 (288 mg, 79%). 1H NMR (300.1 MHz, CDCl3): ! = 
7.73 (t, J = 1.5 Hz, 1H, Ar CH), 7.66 (d, J = 1.6 Hz, 2H, Ar CH), 7.48–7.44 (m, AA' of 
AA'BB' system, 4H, Ar CH), 7.41–7.37 (m, BB' of AA'BB' system, 4H, Ar CH), 4.31 
(q, J = 7.1 Hz, 2H, CH2), 1.33 (s, 21H, 2 ! CH3); MS (CI+): m/z (%) = 487 ([M+H]
+, 
100); HRMS (CI+): m/z calc. for [M+H]+ C35H35O2 487.2637, found 487.2695. 
 
1-(4-Iodophenyl)-3-methyl-1H-pyrrole-2,5-dione 158. 
Citraconic anhydride (1.7 mL, 18.9 mmol) was added to a solution 
of 4-iodoaniline (4.00 g, 18.3 mmol) in acetic acid (70 mL). The 
reaction mixture was stirred at ambient temperature for 20 min, 
and then heated at 120 °C for 17 h. The solvent was then removed by evaporation 
under reduced pressure. The residue was purified by column chromatography 
(SiO2, CHCl3) to give 158 (5.32 g, 93%) as a pale yellow solid. 
1H NMR (300.1 MHz, 
CDCl3): ! = 7.80–7.75 (m, AA' of AA'BB' system, 2H, Ar CH), 7.15–7.11 (m, BB' of 
AA'BB' system, 2H, Ar CH), 6.48 (q, J = 1.8 Hz, 1H, CH), 2.17 (d, J = 1.8 Hz, 3H, 
CH3);
 13C NMR (75.5 MHz, CDCl3): ! = 170.3 (quat. C), 169.2 (quat. C), 146.1 (quat. 
O
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C), 138.3 (CH), 131.6 (quat. C), 127.7 (CH), 127.5 (CH), 92.8 (quat. C), 11.3 (CH3); MS 
(CI+): m/z (%) = 113 (43), 187 (90), 313 (M+, 30), 314 (100); HRMS (CI+): m/z calc. for 
[M+H]+ C11H9NO2I 313.9678, found 313.9683. 
 
4-((3-((4-tert-Butylphenyl)ethynyl)-5-(4-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-
phenylcarbamoyl)phenyl)ethynyl)benzoic acid 163. 
Maleic anhydride (87 mg, 0.89 mmol) was added 
to a solution of 199 in acetic acid (10 mL). The 
reaction mixture was stirred at ambient 
temperature under a N2 atmosphere for 7 h, and 
then heated to reflux overnight. The solvent was 
removed by evaporation under reduced pressure. 
The residue was taken up in CHCl3 and filtered 
off, affording 163 (36% over 3 steps) as a brown 
solid. 1H NMR (400.1 MHz, (CD3)2SO): ! = 10.60 (s, 
1H, H24), 8.18 (t, J = 1.5 Hz, 2H, H20+H21), 8.02–8.00 
(m, AA' of AA'BB' system, 2H, H16), 7.99 (t, J = 1.5 Hz, 1H, H10), 7.91–7.88 (m, AA' of 
AA'BB' system, 2H, H26), 7.76–7.73 (m, BB' of AA'BB' system, 2H, H15), 7.57–7.54 (m, 
AA' of AA'BB' system, 2H, H5), 7.50–7.48 (m, BB' of AA'BB' system, 2H, H4), 7.38–
7.32 (m, BB' of AA'BB' system, 2H, H27), 7.19 (s, 2H, H30), 1.30 (s, 9H, H1); 
13C NMR 
(100.6 MHz, (CD3)2SO): ! = 170.0 (quat. C, C29), 166.6 (quat. C, C18), 163.7 (quat. C, 
C23), 152.1 (quat. C, C3), 138.3 (quat. C, C25), 136.6 (CH, C10), 135.8 (quat. C), 134.7 
(CH, C30), 131.8 (CH, C15), 131.4 (CH, C5), 131.0 (quat. C, C17), 130.8 (CH), 130.5 
(CH), 129.6 (CH, C16), 127.2 (CH, C27), 127.1 (quat. C, C28), 126.0 (quat. C, C14), 125.7 
(CH, C4), 123.5 (quat. C), 122.8 (quat. C), 120.7 (CH, C26), 118.7 (quat. C, C6), 91.2 
(quat. C, C7), 90.2 (quat. C), 90.0 (quat. C, C13), 87.1 (quat. C), 34.7 (quat. C, C2), 30.9 
(CH3, C1); MS (ES–): m/z (%) = 591 ([M–H]
–, 100). 
 
Methyl 3,5-dibromobenzoate 165. 
A mixture of 3,5-dibromobenzoic acid (3.12 g, 11.1 mmol) and H2SO4 
(2.5 mL) in MeOH (120 mL) was heated to reflux for 1 day. The 
reaction mixture was then concentrated by evaporation under 
reduced pressure to reduce the volume and poured into a mixture of water and ice. 
The precipitate was filtered off, affording 165 (3.035 g, 93%) as a brown solid. 1H 
NMR (400.1 MHz, CDCl3): ! = 8.11 (d, J = 1.8 Hz, 2H, H3), 7.85 (t, J = 1.8 Hz, 1H, 
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H1), 3.93 (s, 3H, H6);
 13C NMR (75.5 MHz, CDCl3): ! = 164.7 (quat. C, C5), 138.4 (CH, 
C1), 133.4 (quat. C, C4), 131.5 (CH, C3), 123.1 (quat. C, C2), 52.9 (CH3, C6); MS (CI+): 
m/z (%) = 293 ([M+H]+, 30), 295 (100), 297 (30); HRMS (CI+): m/z calc. for [M+H]+ 
C8H7O2
79Br81Br 294.8792, found 294.8788. 
 
Methyl 3,5-bis((4-tert-butylphenyl)ethynyl)benzoate 166. 
A degassed (by bubbling Ar) solution of 4-tert-
butylphenylacetylene (3.8 mL, 21.06 mmol) in Et3N (15 mL) 
was cannulated into a degassed (by bubbling Ar) suspension 
of methyl 3,5-dibromobenzoate 165 (2.083 g, 7.09 mmol), PPh3 
(188 mg, 0.72 mmol), CuI (68 mg, 0.36 mmol), PdCl2(PPh3)2 
(249 mg, 0.35 mmol), Et3N (15 mL) and dry THF (15 mL). The 
reaction mixture was heated at 70 °C under an Ar atmosphere 
for 42 h, and then filtered through a pad of Celite. The filtrate 
was concentrated by evaporation under reduced pressure. The 
residue was taken up in CHCl3. The organic phase was washed with water, dried 
(MgSO4) and concentrated by evaporation under reduced pressure. The residue 
was purified by column chromatography (SiO2, gradient from 20:0 to 19:1 
cyclohexane/EtOAc) to give 166 as a brown solid. The product, contaminated with 
homocoupled alkyne, was used in the next reaction without further purification. 
 
3,5-Bis((4-tert-butylphenyl)ethynyl)benzoic acid 167. 
4 M NaOH (15 mL) was added to a solution of 166 in 1,4-
dioxane (60 mL) and MeOH (30 mL). The reaction mixture was 
stirred at ambient temperature for 4 h. The solvents were 
removed by evaporation under reduced pressure. The residue 
was taken up in water, acidified with 3 M HCl and extracted 
with CH2Cl2. The organic layer was washed successively with 3 
M HCl (3 !) and saturated NaCl solution, dried (MgSO4) and 
concentrated by evaporation under reduced pressure. The 
residue was purified by column chromatography (SiO2, 
gradient from 19:1 to 1:1 cyclohexane/EtOAc) to give 167 (1.72 g, 56% over 2 steps) 
as a yellow solid. 1H NMR (300.1 MHz, CDCl3): ! = 8.18 (d, J = 1.6 Hz, 2H, Ar CH), 
7.90 (t, J = 1.6 Hz, 1H, Ar CH), 7.51–7.47 (m, AA' of AA'BB' system, 4H, Ar CH), 
7.41–7.38 (m, BB' of AA'BB' system, 4H, Ar CH), 1.34 (s, 18H, CH3); 
13C NMR (75.5 
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MHz, CDCl3): ! = 169.7 (quat. C), 152.3 (quat. C), 139.1 (CH), 132.6 (CH), 131.6 
(CH), 129.9 (quat. C), 125.6 (CH), 124.7 (quat. C), 119.7 (quat. C), 91.4 (quat. C), 87.0 
(quat. C), 35.0 (quat. C), 31.3 (CH3); MS (ES–): m/z (%) = 433 (100), 434 (M
–, 50); 
HRMS (ES–): m/z calc. for [M–H]– C31H29O2 433.2168, found 433.2168. 
 
3,5-Bis((4-tert-butylphenyl)ethynyl)benzoyl fluoride 168. 
Cyanuric fluoride (0.33 mL, 3.9 mmol) was added dropwise to a 
solution of 167 (1.69 g, 3.9 mmol) and dry pyridine (0.32 mL, 4.0 
mmol) in dry CH2Cl2 (35 mL) at –5 °C. The reaction mixture was 
stirred under a N2 atmosphere at –5 °C for 10 min and then at 
ambient temperature for a further 45 min. The reaction mixture 
was diluted with CH2Cl2 and washed with saturated NaCl 
solution. The organic phase was dried (MgSO4) and 
concentrated by evaporation under reduced pressure to afford 
168 (1.71 g, 100%) as a yellow solid. 1H NMR (400.1 MHz, 
CDCl3): ! = 8.10 (d, J = 1.6 Hz, 2H, Ar CH), 7.96 (t, J = 1.6 Hz, 1H, Ar CH), 7.50–7.47 
(m, AA' of AA'BB' system, 4H, Ar CH), 7.42–7.39 (m, BB' of AA'BB' system, 4H, Ar 
CH), 1.34 (s, 18H, CH3); 
19F NMR (376.5 MHz, CDCl3): ! = +19.4. 
 
N-(4-Aminophenyl)-3,5-bis((4-tert-butylphenyl)ethynyl)benzamide 170. 
A solution of 168 (414 mg, 0.95 mmol) in dry CH2Cl2 
(5 mL) was added dropwise (over 1 h) to a solution of 
1,4-phenylenediamine (308 mg, 2.85 mmol) in dry 
CH2Cl2 (10 mL) under a N2 atmosphere. The reaction 
mixture was stirred at ambient temperature for a 
further 21 h, and then diluted with CH2Cl2. The 
organic phase was washed successively with water 
and saturated NaCl solution, dried (MgSO4) and 
concentrated by evaporation under reduced pressure. 
The residue was purified by column chromatography (SiO2, gradient from 9:1 to 
1:1 cyclohexane/EtOAc) to give 170 (427 mg, 86%) as a yellow solid. 1H NMR 
(400.1 MHz, CDCl3): ! = 7.92 (d, J = 1.3 Hz, 2H, Ar CH), 7.82 (t, J = 1.5 Hz, 1H, Ar 
CH), 7.67 (s, 1H, NH), 7.50–7.47 (m, AA' of AA'BB' system, 4H, Ar CH), 7.43–7.38 
(m, AA'BB' system, 6H, 2 ! Ar CH), 6.73–6.69 (m, BB' of AA'BB' system, 2H, Ar 
CH), 3.67 (br s, 2H, NH2), 1.33 (s, 18H, CH3); 
13C NMR (75.5 MHz, CDCl3): ! = 164.3 
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(quat. C), 152.2 (quat. C), 143.9 (quat. C), 137.0 (CH), 135.9 (quat. C), 131.6 (CH), 
129.5 (CH), 129.1 (quat. C), 125.6 (CH), 124.7 (quat. C), 122.5 (CH), 119.7 (quat. C), 
115.6 (CH), 91.4 (quat. C), 87.3 (quat. C), 35.0 (quat. C), 31.3 (CH3); MS (CI+): m/z 
(%) = 135 (60), 163 (25), 524 (M+, 30), 525 (100), 526 (30); HRMS (CI+): m/z calc. for 
[M+H]+ C37H37N2O 525.2906, found 525.2902. 
 
3,5-Bis((4-tert-butylphenyl)ethynyl)-N-(4-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-
yl)phenyl)benzamide 172. 
Maleic anhydride (24 mg, 0.24 mmol) was added to 
a solution of 170 (120 mg, 0.23 mmol) in acetic acid 
(3 mL). The reaction mixture was stirred at ambient 
temperature under a N2 atmosphere for 4 h, and 
then heated to reflux for 22 h. The solvent was 
removed by evaporation under reduced pressure. 
The residue was purified by column 
chromatography (SiO2, gradient from 100:0 to 96:4 
CHCl3/MeOH) to give 172 (93 mg, 67%) as a pale 
yellow solid. 1H NMR (400.1 MHz, CDCl3): ! = 7.96 (s, 1H, H14), 7.95 (d, J = 1.5 Hz, 
2H, H11), 7.85 (t, J = 1.5 Hz, 1H, H10), 7.81–7.77 (m, AA' of AA'BB' system, 2H, H16), 
7.51–7.47 (m, AA' of AA'BB' system, 4H, H5), 7.42–7.37 (m, BB' of AA'BB' system, 
6H, H4+H17), 6.86 (s, 2H, H20), 1.34 (s, 18H, H1); 
13C NMR (100.6 MHz, CDCl3): ! = 
169.7 (quat. C, C19), 164.4 (quat. C, C13), 152.4 (quat. C, C3), 137.5 (quat. C, C15), 137.4 
(CH, C10), 135.4 (quat. C, C12), 134.4 (CH, C20), 131.6 (CH, C5), 129.5 (CH, C11), 127.6 
(quat. C, C18), 126.9 (CH, C17), 125.6 (CH, C4), 124.9 (quat. C, C9), 120.8 (CH, C16), 
119.6 (quat. C, C6), 91.7 (quat. C, C7), 87.1 (quat. C, C8), 35.0 (quat. C, C2), 31.3 (CH3, 
C1); MS (ES+): m/z (%) = 627 ([M+Na]
+, 100). 
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Thread 173. 
A mixture of 172 (300 mg, 0.496 
mmol) and 77 (192 mg, 0.496 mmol) 
in CHCl3 (9.9 mL) was stirred under a 
N2 atmosphere at ambient 
temperature in the absence of light 
for 5 days. The reaction mixture was 
then concentrated by evaporation 
under reduced pressure. The residue 
was purified by column 
chromatography (SiO2, gradient from 
4:1 to 1:1 cyclohexane/EtOAc) to 
afford 173 (479 mg, 97%) as a mixture of trans and cis isomers. The trans/cis ratio, 
as determined by 1H NMR, was 3.5:1. 
 
Rotaxane 174. 
A mixture of macrocycle 130 (141 mg, 
0.297 mmol) and maleimide 172 (180 
mg, 0.298 mmol) in CHCl3 (5.9 mL) 
was stirred at ambient temperature 
for 2 h. Nitrone 77 (115 mg, 0.297 
mmol) was then added to the 
reaction mixture. The reaction 
mixture was stirred under a N2 
atmosphere at ambient temperature 
in the absence of light for 5 days. The 
solvent was removed by evaporation 
under reduced pressure. The residue was purified by careful column 
chromatography (SiO2, gradient cyclohexane/EtOAc) to afford thread 173 (117 mg, 
40%) as a mixture of trans/cis isomers (3.4:1) and rotaxane 174 (150 mg, 34%) as a 
mixture of trans/cis isomers (2.3:1). The purification of the rotaxane fraction by 
another column chromatography (SiO2, cyclohexane/EtOAc 1:1) enabled the 
isolation of a pure fraction of trans-rotaxane 174. Representative data for rotaxane 
(trans-174): 1H NMR (400.1 MHz, CDCl3): ! = 9.05–9.02 (m, 2H, H50), 8.54 (s, 1H, 
H35), 8.40 (d, J = 7.8 Hz, 2H, H53), 8.20 (d, J = 8.2 Hz, 1H, H37), 8.01 (d, AA' of AA'BB' 
system, J = 8.5 Hz, 2H, H32), 7.86 (s, 1H, H14), 7.81 (t, J = 7.8 Hz, 1H, H54), 7.76 (d, BB' 
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of AA'BB' system, J = 8.3 Hz, 2H, H31), 7.68 (d, J = 8.0 Hz, 1H, H38), 7.65 (t, J = 1.4 
Hz, 1H, H10), 7.52 (d, J = 1.4 Hz, 2H, H11), 7.48 (d, AA' of AA'BB' system, J = 9.0 Hz, 
2H, H16), 7.45–7.40 (m, 8H, H4+H5), 7.38–7.35 (m, AA' of AA'BB' system, 2H, H26), 
7.19–7.15 (m, BB' of AA'BB' system, 2H, H25), 6.96 (d, J = 7.6 Hz, 1H, H39), 6.72 (d, 
AA' of AA'BB' system, J = 8.1 Hz, 4H, H47), 6.60 (dd, BB' of AA'BB' system, J = 8.1, 
2.2 Hz, 4H, H46), 6.44 (d, BB' of AA'BB' system, J = 8.9 Hz, 2H, H17), 5.86 (s, 1H, H23), 
5.16 (d, J = 7.7 Hz, 1H, H21), 4.87–4.81 (m, 2H, H49), 4.30–4.23 (m, 2H, H49'), 4.15 (s, 
4H, H44), 4.07 (dd, J = 7.5, 0.9 Hz, 1H, H22), 3.96–3.92 (m, 2H, H42), 3.76–3.72 (m, 2H, 
H42'), 3.59–3.51 (m, 4H, H43), 2.50 (s, 3H, H41), 1.36 (s, 18H, H1), 1.34 (s, 9H, H29); 
13C 
NMR (100.6 MHz, CDCl3): ! = 174.2 (quat. C, C20), 172.7 (quat. C, C19), 165.1 (quat. 
C, C34), 164.0 (quat. C, C51), 163.3 (quat. C, C13), 157.0 (quat. C, C40), 152.2 (quat. C, 
C3), 150.8 (quat. C, C36), 149.3 (quat. C, C52), 146.3 (quat. C, C27), 146.2 (quat. C, C24), 
143.2 (quat. C, C30), 139.3 (quat. C, C15), 139.1 (CH, C38), 138.7 (CH, C54), 137.1 (quat. 
C, C48), 136.7 (CH, C10), 135.7 (quat. C, C45), 134.2 (quat. C, C12), 133.9 (quat. C, C33), 
131.5 (CH, C4 or C5), 130.7 (CH, C11), 128.8 (CH, C46), 128.1 (CH, C32), 127.9 (CH, 
C47), 127.2 (CH, C31), 126.5 (CH, C26), 126.2 (CH, C17), 126.1 (quat. C, C18), 125.6 (CH, 
C4 or C5), 125.5 (CH, C53), 123.2 (quat. C, C9), 120.1 (CH, C16), 119.8 (quat. C, C6), 
119.7 (CH, C39), 114.5 (CH, C25), 111.2 (CH, C37), 90.6 (quat. C, C7), 87.4 (quat. C, C8), 
77.4 (CH, C21), 73.6 (CH2, C44), 70.8 (CH2, C42), 69.5 (CH, C23), 69.0 (CH2, C43), 57.6 
(CH, C22), 43.6 (CH2, C49), 35.0 (quat. C, C2), 34.4 (quat. C, C28), 31.6 (CH3, C29), 31.3 
(CH3, C1), 24.1 (CH3, C41); MS (ES+): m/z (%) = 498 (100), 1490 ([M+Na]
+, 25); HRMS 
(MALDI): m/z calc. for [M+Na]+ C92H90N8O10Na 1489.6677, found 1489.6655. 
 
4-Methyl-N-(4-methylphenyl)benzamide138 176. 
p-Toluoyl chloride (0.82 mL, 6.2 mmol) was added to a solution 
of p-toluidine (668 mg, 6.2 mmol) and Et3N (2.5 mL, 17.9 mmol) 
in dry CH2Cl2 (30 mL) under a N2 atmosphere. The reaction 
mixture was stirred at ambient temperature for 24 h, and then diluted with CH2Cl2. 
The organic phase was successively washed with 1 M HCl and saturated NaCl 
solution, dried (MgSO4) and concentrated by evaporation under reduced pressure. 
The residue was purified by column chromatography (SiO2, CH2Cl2) to afford 176 
(1.33 g, 95%) as a white solid. 1H NMR (400.1 MHz, CDCl3): ! = 7.79 (br s, 1H, NH), 
7.76 (d, AA’ of AA’BB’ system, J = 8.2 Hz, 2H, Ar CH), 7.52 (d, AA’ of AA’BB’ 
system, J = 8.4 Hz, 2H, Ar CH), 7.27 (d, BB’ of AA’BB’ system, J = 7.2 Hz, 2H, Ar 
CH), 7.16 (d, BB’ of AA’BB’ system, J = 8.2 Hz, 2H, Ar CH), 2.42 (s, 3H, CH3), 2.34 
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(s, 3H, CH3);
 13C NMR (75.5 MHz, CDCl3): ! = 165.7 (quat. C), 142.3 (quat. C), 135.6 
(quat. C), 134.1 (quat. C), 132.3 (quat. C), 129.6 (CH), 129.5 (CH), 127.1 (CH), 120.4 
(CH), 21.6 (CH3), 21.0 (CH3); MS (CI+): m/z (%) = 226 ([M+H]
+, 100); HRMS (CI+): 
m/z calc. for [M+H]+ C15H16NO 226.1232, found 226.1231. 
  
4-tert-Butyl-N-(4,6-dimethylpyridin-2-yl)benzamide 179. 
A solution of 2-amino-4,6-dimethylpyridine (879 mg, 7.2 
mmol)  and Et3N (1 mL) in dry CH2Cl2 (20 mL) was added 
dropwise to neat  4-tert-butylbenzoyl chloride (0.7 mL, 3.6 
mmol) at 0 °C under a N2 atmosphere. The reaction mixture 
was stirred at ambient temperature for 20 h, and then diluted with CH2Cl2. The 
organic layer was washed successively with 1 M HCl and saturated NaHCO3 
solution and dried (MgSO4). The solvent was removed by evaporation under 
reduced pressure, affording 179 (1.02 g, 100%) as a white solid. 1H NMR (300.1 
MHz, CDCl3): ! = 8.54 (br s, 1H, NH), 8.07 (s, 1H, Ar CH), 7.89–7.85 (m, AA' of 
AA'BB' system, 2H, Ar CH), 7.51–7.48 (m, BB' of AA'BB' system, 2H, Ar CH), 6.77 
(s, 1H, Ar CH), 2.43 (s, 3H, CH3), 2.36 (s, 3H, CH3), 1.35 (s, 9H, CH3);
 13C NMR (75.5 
MHz, CDCl3): ! = 165.6 (quat. C), 156.4 (quat. C), 155.9 (quat. C), 151.0 (quat. C), 
150.5 (quat. C), 131.6 (quat. C), 127.2 (CH), 125.8 (CH), 120.6 (CH), 111.8 (CH), 35.2 
(quat. C), 31.3 (CH3), 23.9 (CH3), 21.5 (CH3); MS (ES+): m/z (%) = 283 ([M+H]
+, 50), 
305 (100); HRMS (ES+): m/z calc. for [M+Na]+ C18H22N2ONa 305.1630, found 
305.1625. 
 
4-(Chloromethyl)-N-(4,6-dimethylpyridin-2-yl)benzamide 180. 
A solution of 2-amino-4,6-dimethylpyridine (5.48 g, 44.9 
mmol) and Et3N (6.2 mL, 44.5 mmol) in CH2Cl2 (60 mL) was 
added dropwise to neat 4-chloromethylbenzoyl chloride 
(4.23 g, 22.4 mmol) at 0 °C under a N2 atmosphere. The 
reaction mixture was then allowed to warm at ambient temperature, stirred for 22 
h, and diluted with CH2Cl2. The organic layer was washed successively with 1 M 
HCl and a saturated solution of NaHCO3, dried (MgSO4) and concentrated by 
evaporation under reduced pressure to afford 180 (1.47 g, 24%) as a white solid. 1H 
NMR (300.1 MHz, CDCl3): ! = 8.55 (br s, 1H, H8), 8.04 (s, 1H, H6), 7.92 (m, AA' of 
AA'BB' system, 2H, H11), 7.51 (m, BB' of AA'BB' system, 2H, H12), 6.78 (s, 1H, H3), 
N
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4.63 (s, 2H, H14), 2.41 (s, 3H, H1), 2.36 (s, 3H, H5); 
13C NMR (75.5 MHz, CDCl3): ! = 
165.1 (quat. C, C9), 156.6 (quat. C, C2), 150.8 (quat. C, C7), 150.4 (quat. C, C4), 141.6 
(quat. C, C13), 134.5 (quat. C, C10), 129.0 (CH, C12), 127.8 (CH, C11), 120.9 (CH, C3), 
111.8 (CH, C6), 45.4 (CH2, C14), 23.9 (CH3, C1), 21.5 (CH3, C5); MS (ES+): m/z (%) = 
275 ([M+H]+, 100), 297 (70); HRMS (ES+): m/z calc. for [M+Na]+ C15H15N2ONaCl 
297.0771, found 297.0782. 
 
N-(4,6-Dimethylpyridin-2-yl)-4-formylbenzamide 181. 
A mixture of 180 (1.41 g, 5.13 mmol) and HMTA (2.90 g, 
20.69 mmol) in EtOH (10 mL) and water (10 mL) was heated 
to reflux for 15 h. The reaction mixture was then acidified to 
pH 5 with HCl 37% and heated to reflux for a further 1.5 h. 
The reaction mixture was diluted with water and extracted with CH2Cl2 (2 !). The 
combined organic layers were washed with water, dried (MgSO4) and concentrated 
by evaporation under reduced pressure. The residue was purified by column 
chromatography (SiO2, gradient from 99:1 to 97:3 CH2Cl2/MeOH) to give 181 (1.07 
g, 82%) as a white solid. 1H NMR (400.1 MHz, CDCl3): ! = 10.11 (s, 1H, H14), 8.50 (br 
s, 1H, H8), 8.09–8.06 (m, AA’ of AA’BB’ system, 2H, H11), 8.03 (s, 1H, H6), 8.02–7.99 
(m, BB’ of AA’BB’ system, 2H, H12), 6.81 (s, 1H, H3), 2.43 (s, 3H, H1), 2.38 (s, 3H, H5);
 
13C NMR (100.6 MHz, CDCl3): ! = 191.5 (CH, C14), 164.6 (quat. C, C9), 156.7 (quat. C, 
C2), 150.6 (quat. C, C7), 150.5 (quat. C, C4), 139.7 (quat. C, C10), 138.7 (quat. C, C13), 
130.1 (CH, C12), 128.0 (CH, C11), 121.2 (CH, C3), 111.9 (CH, C6), 23.9 (CH3, C1), 21.5 
(CH3, C5); MS (ES–): m/z (%) = 253 ([M–H]
–, 100); HRMS (ES–): m/z calc. for [M–H]– 
C15H13N2O2 253.0977, found 253.0982. 
 
(Z)-4-tert-Butyl-N-(4-(4,6-dimethylpyridin-2-ylcarbamoyl)benzylidene)aniline 
oxide 182. 
BiCl3 (247 mg, 0.78 mmol) was added to a solution 
of 1-tert-butyl-4-nitrobenzene (0.66 mL, 3.9 mmol) 
in EtOH (20 mL) and water (6 mL). KBH4 (419 mg, 
7.8 mmol) was then added gradually over 3 min 
under a N2 atmosphere. After the addition was 
complete, the reaction mixture was stirred at 
ambient temperature for a further 15 min under a N2 atmosphere. Then the mixture 
was acidified to pH 7 with 0.5 M HCl under a N2 atmosphere and extracted 
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immediately with Et2O. The organic layer was washed with saturated NaCl 
solution, dried (Na2SO4) and concentrated by evaporation under reduced pressure. 
The 4-tert-butyl-N-hydroxyaniline 139 obtained was dissolved immediately in 
EtOH (70 mL) and 181 (980 mg, 3.9 mmol) was added. The reaction mixture was 
stirred at ambient temperature in the absence of light for 18 h. The solvent was 
removed by evaporation under reduced pressure. The residue was purified by 
column chromatography (SiO2, gradient from 99.5:0:0.5 to 94.5:5.0:0.5 
CH2Cl2/MeOH/Et3N) to give 182 (1.33 g, 85% over 2 steps). Recrystallisation from 
EtOH afforded 182 as a yellow solid. 1H NMR (400.1 MHz, CDCl3): ! = 8.55 (br s, 
1H, H8), 8.51–8.48 (m, AA’ of AA’BB’ system, 2H, H12), 8.05 (s, 1H, H6), 8.04–8.01 
(m, BB’ of AA’BB’ system, 2H, H11), 7.99 (s, 1H, H14), 7.73–7.69 (m, AA’ of AA’BB’ 
system, 2H, H16), 7.52–7.49 (m, BB’ of AA’BB’ system, 2H, H17), 6.79 (s, 1H, H3), 2.44 
(s, 3H, H1), 2.37 (s, 3H, H5), 1.36 (s, 9H, H20); 
13C NMR (75.5 MHz, CDCl3): ! = 164.8 
(quat. C, C9), 156.6 (quat. C, C2), 153.9 (quat. C, C18), 150.8 (quat. C, C7), 150.3 (quat. 
C, C4), 146.7 (quat. C, C15), 135.6 (quat. C, C10), 134.1 (quat. C, C13), 133.1 (CH, C14), 
129.1 (CH, C12), 127.6 (CH, C11), 126.3 (CH, C17), 121.4 (CH, C16), 120.9 (CH, C3), 
111.8 (CH, C6), 35.0 (quat. C, C19), 31.3 (CH3, C20), 23.9 (CH3, C1), 21.4 (CH3, C5); MS 
(ES+): m/z (%) = 424 ([M+Na]+, 100), 825 (40); HRMS (CI+): m/z calc. for [M+H]+ 
C25H28N3O2 402.2182, found 402.2188. 
 
Rotaxane 183 and thread 184. 
A mixture of macrocycle 130 (110 mg, 0.23 mmol) and maleimide 172 (140 mg, 0.23 
mmol) in CHCl3 (4.6 mL) was stirred at –5 °C for 1 h. Nitrone 182 (93 mg, 0.23 
mmol) was then added to the reaction mixture at !5 °C. The reaction mixture was 
stirred at ambient temperature for 3 days, before removing the solvent by 
evaporation under reduced pressure. The residue was purified by careful column 
chromatography (SiO2, gradient from 9:1 to 3:7 cyclohexane/EtOAc), which 
enabled the isolation of the different products in the following proportions: 
rotaxane 183 (153 mg, 45%, trans/cis 1.9:1) as a yellow solid and thread 184 (97 mg, 
42%, trans/cis 5.2:1) as a pale brown solid. 
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Representative data for the rotaxane 
(cis-183): 1H NMR (400.1 MHz, 
CDCl3): ! = 9.08–9.04 (m, 2H, H51), 
8.81 (br s, 1H, H35), 8.39 (dd, J = 2.9, 
1.1 Hz, 1H, H54), 8.37 (dd, J = 3.0, 1.1 
Hz, 1H, H54'), 8.05 (d, AA' of AA'BB' 
system, J = 8.4 Hz, 2H, H32), 8.02 (s, 
1H, H37), 7.89 (s, 1H, H14), 7.77 (t, J = 
7.8 Hz, 1H, H55), 7.65–7.63 (m, 3H, 
H10+H31), 7.56 (d, AA' of AA'BB' 
system, J = 8.9 Hz, 2H, H16), 7.53 (d, J 
= 1.4 Hz, 2H, H11), 7.45–7.40 (m, 8H, H4+H5), 7.31–7.27 (m, AA' of AA'BB' system,, 
2H, H26), 7.10–7.07 (m, BB' of AA'BB' system,, 2H, H25), 6.98 (d, BB' of AA'BB' 
system, J = 9.0 Hz, 2H, H17), 6.74–6.71 (m, 5H, H40+H48), 6.61 (d, BB' of AA'BB' 
system, J = 7.9 Hz, 4H, H47), 5.31 (d, J = 7.8 Hz, 1H, H21), 4.98 (d, J = 8.9 Hz, 1H, H23), 
4.85–4.77 (m, 2H, H50), 4.36–4.28 (m, 2H, H50'), 4.17–4.13 (m, 5H, H22+H45), 3.94–3.89 
(m, 2H, H43), 3.76–3.72 (m, 2H, H43'), 3.56-3.50 (m, 4H, H44), 2.38 (s, 3H, H42), 2.33 (s, 
3H, H39), 1.36 (s, 18H, H1), 1.27 (s, 9H, H29); 
13C NMR (100.6 MHz, CDCl3): ! = 173.7 
(quat. C, C19), 171.5 (quat. C, C20), 165.0 (quat. C, C34), 163.9 (quat. C, C52), 163.3 
(quat. C, C13), 156.3 (quat. C, C41), 152.2 (quat. C, C3), 150.7 (quat. C, C38), 150.6 
(quat. C, C36), 149.2 (quat. C, C53), 148.6 (quat. C, C27), 144.0 (quat. C, C24), 139.1 
(quat. C, C30), 139.0 (quat. C, C15), 138.7 (CH, C55), 137.2 (quat. C, C49), 137.2 (quat. C, 
C49'), 136.6 (CH, C10), 135.7 (quat. C, C46), 135.7 (quat. C, C46'), 134.8 (quat. C, C33), 
134.1 (quat. C, C12), 131.5 (CH, C4 or C5), 130.7 (CH, C11), 128.9 (CH, C47), 128.8 (CH, 
C47'), 128.2 (CH, C31), 128.1 (CH, C32), 128.0 (CH, C48), 126.3 (quat. C, C18), 125.9 (CH, 
C26), 125.7 (CH, C17), 125.6 (CH, C4 or C5), 125.4 (CH, C54), 123.2 (quat. C, C9), 120.8 
(CH, C40), 120.1 (CH, C16), 119.8 (quat. C, C6), 119.5 (CH, C25), 111.9 (CH, C37), 90.5 
(quat. C, C7), 87.4 (quat. C, C8), 77.4 (CH, C21), 73.5 (CH2, C45), 71.1 (CH, C23), 70.8 
(CH2, C43), 68.9 (CH2, C44), 68.9 (CH2, C44'), 54.8 (CH, C22), 43.5 (CH2, C50), 35.0 (quat. 
C, C2), 34.5 (quat. C, C28), 31.4 (CH3, C29), 31.3 (CH3, C1), 23.7 (CH3, C42), 21.5 (CH3, 
C39); MS (ES+): m/z (%) = 1482 (M
+, 100), 1483 (95); HRMS (MALDI): m/z calc. for 
[M+H]+ C93H93N8O10 1481.7015, found 1481.7056. 
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Representative data for the thread 
(trans-184): 1H NMR (400.1 MHz, 
CDCl3): ! = 8.59 (s, 1H, H35), 8.55 (s, 
1H, H14), 8.02 (s, 1H, H37), 7.90 (d, AA' 
of AA'BB' system, J = 8.4 Hz, 2H, 
H32), 7.90 (d, J = 1.5 Hz, 2H, H11), 7.76 
(t, J = 1.5 Hz, 1H, H10), 7.64 (d, BB' of 
AA'BB' system, J = 8.4 Hz, 2H, H31), 
7.60 (d, AA' of AA'BB' system, J = 8.8 
Hz, 2H, H16), 7.45–7.42 (m, AA' of 
AA'BB' system, 4H, H5), 7.38–7.35 (m, 
BB' of AA'BB' system, 4H, H4), 7.25 (d, AA' of AA'BB' system, J = 8.9 Hz, 2H, H26), 
7.08 (d, BB' of AA'BB' system, J = 8.9 Hz, 2H, H25), 6.76 (s, 1H, H40), 6.45 (d, BB' of 
AA'BB' system, J = 8.9 Hz, 2H, H17), 5.82 (s, 1H, H23), 5.04 (d, J = 7.5 Hz, 1H, H21), 
3.97 (d, J = 7.9 Hz, 1H, H22), 2.41 (s, 3H, H42), 2.33 (s, 3H, H39), 1.32 (s, 18H, H1), 1.27 
(s, 9H, H29); 
13C NMR (100.6 MHz, CDCl3): ! = 174.2 (quat. C, C20), 172.8 (quat. C, 
C19), 165.1 (quat. C, C34), 164.7 (quat. C, C13), 156.5 (quat. C, C41), 152.3 (quat. C, C3), 
150.7 (quat. C, C36), 150.4 (quat. C, C38), 146.4 (quat. C, C27), 146.2 (quat. C, C24), 
143.0 (quat. C, C30), 138.7 (quat. C, C15), 137.2 (CH, C10), 135.3 (quat. C, C12), 134.1 
(quat. C, C33), 131.6 (CH, C5), 129.7 (CH, C11), 127.9 (CH, C32), 127.1 (CH, C31), 127.0 
(CH, C17), 126.8 (quat. C, C18), 126.5 (CH, C26), 125.6 (CH, C4), 124.6 (quat. C, C9), 
120.9 (CH, C40), 120.6 (CH, C16), 119.5 (quat. C, C6), 114.1 (CH, C25), 111.8 (CH, C37), 
91.5 (quat. C, C7), 87.2 (quat. C, C8), 77.5 (CH, C21), 69.2 (CH, C23), 57.3 (CH, C22), 
35.0 (quat. C, C2), 34.3 (quat. C, C28), 31.5 (CH3, C29), 31.3 (CH3, C1), 23.9 (CH3, C42), 
21.4 (CH3, C39); MS (ES+): m/z (%) = 402 (100), 1007 ([M+H]
+, 30); HRMS (ES+): 
m/z calc. for [M+H]+ C66H64N5O5 1006.4907, found 1006.4901. 
 
Ethyl 4-amino-3-bromobenzoate123 187. 
N-Bromosuccinimide (7.06 g, 39.7 mmol) was added 
portionwise over 1 h to an ice-cooled solution of ethyl 4-
aminobenzoate (6.52 g, 39.5 mmol) in CHCl3 (40 mL). After 
stirring at 5–10 ºC for 4 h, the white precipitate formed during the reaction was 
filtered off. The filtrate was washed with water, dried (MgSO4) and the solvent was 
removed by evaporation under reduced pressure, affording 187 (9.54 g, 99%) as a 
pale pink solid. 1H NMR (400.1 MHz, CDCl3): ! = 8.12 (d, J = 1.9 Hz, 1H, H5), 7.79 
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(dd, J = 8.4, 1.9 Hz, 1H, H7), 6.73 (d, J = 8.4 Hz, 1H, H8), 4.51 (br s, 2H, H10), 4.32 (q, J 
= 7.1 Hz, 2H, H2), 1.36 (t, J = 7.1 Hz, 3H, H1);
 13C NMR (100.6 MHz, CDCl3): ! = 
165.7 (quat. C, C3), 148.2 (quat. C, C9), 134.6 (CH, C5), 130.4 (CH, C7), 121.3 (quat. C, 
C4), 114.4 (CH, C8), 108.0 (quat. C, C6), 60.8 (CH2, C2), 14.5 (CH3, C1); MS (ES+): m/z 
(%) = 266 ([M+Na]+, 100), 268 (90); HRMS (ES+): m/z calc. for [M+Na]+ 
C9H10NO2Na
79Br 265.9793, found 265.9799. 
 
Ethyl 4-amino-3-bromo-5-iodobenzoate123  188. 
Compound 187 (9.14 g, 37.4 mmol) was dissolved in hot acetic 
acid (37 mL) and allowed to cool to ambient temperature, and 
then a solution of ICl (6.1 g, 37.6 mmol) in acetic acid (4 mL) was 
added dropwise during 30 min. Water (4 mL) was added and the reaction mixture 
was heated at 80 ºC for 9.5 h. Additional water (total 26 mL) was added 
occasionally. The reaction mixture was stirred at ambient temperature overnight. 
The precipitate formed during the reaction was collected by filtration and washed 
with water, affording 188 (11.74 g, 85%) as a white solid. 1H NMR (300.1 MHz, 
CDCl3): ! = 8.27 (d, J = 1.8 Hz, 1H, Ar CH), 8.09 (d, J = 1.8 Hz, 1H, Ar CH), 5.02 (br 
s, 2H, NH2), 4.32 (q, J = 7.1 Hz, 2H, CH2), 1.37 (t, J = 7.1 Hz, 3H, CH3);
 13C NMR (75.5 
MHz, CDCl3): ! = 164.4 (quat. C), 147.8 (quat. C), 140.1 (CH), 134.5 (CH), 122.3 
(quat. C), 105.9 (quat. C), 81.2 (quat. C), 61.2 (CH2), 14.5 (CH3); MS (ES+): m/z (%) = 
392 ([M+Na]+, 100), 394 (85); HRMS (ES+): m/z calc. for [M+Na]+ C9H9NO2Na
79BrI 
391.8759, found 391.8763. 
 
Ethyl 3-bromo-5-iodobenzoate123 189. 
To an ice-cooled solution of 188 (5.30 g, 14.3 mmol) in toluene (74 
mL) and EtOH (25 mL) were added dropwise H2SO4 (2.5 mL) 
followed by NaNO2 (2.19 g, 31.7 mmol) protionwise. The reaction 
mixture was stirred at 0 ºC for 30 min and then heated to reflux for a further 18 h. 
The reaction mixture was then neutralized with 1M NaOH and extracted with 
diethyl ether (2 !). The combined organic layers were successively washed with 
saturated NaHCO3 solution and saturated NaCl solution, dried (MgSO4) and 
concentrated by evaporation under reduced pressure. The residue was purified by 
column chromatography (SiO2, cyclohexane) to give 189 (3.69 g, 73%) as a white 
solid. 1H NMR (300.1 MHz, CDCl3): ! = 8.29 (t, J = 1.5 Hz, 1H, Ar CH), 8.13 (t, J = 
1.6 Hz, 1H, Ar CH), 8.03 (t, J = 1.7 Hz, 1H, Ar CH), 4.38 (q, J = 7.1 Hz, 2H, CH2), 
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1.40 (t, J = 7.1 Hz, 3H, CH3);
 13C NMR (75.5 MHz, CDCl3): ! = 164.0 (quat. C), 143.8 
(CH), 137.2 (CH), 133.8 (quat. C), 132.1 (CH), 123.1 (quat. C), 94.1 (quat. C), 62.0 
(CH2), 14.4 (CH3); MS (CI+): m/z (%) = 184 (40), 186 (45), 309 (25), 311 (20), 327 (100), 
329 (85), 354 (20, M+), 355 (80), 356 (25), 357 (70); HRMS (CI+): m/z calc. for [M+H]+ 
C9H9O2I
79Br 354.8831, found 354.8828. 
 
tert-Butyl 4-bromobenzoate124 191. 
A solution of 4-bromobenzoyl chloride (4.68 g, 21.3 mmol) in dry 
CH2Cl2 (25 mL) was added dropwise to a stirred mixture of tert-
butyl alcohol (3.49 g, 47.1 mmol) and dry pyridine (3.5 mL) in 
dry CH2Cl2 (15 mL). The reaction mixture was stirred at ambient temperature 
under a N2 atmosphere for 41 h and then diluted with CH2Cl2. The organic phase 
was washed successively with 1 M HCl, water and saturated NaCl solution, dried 
(Na2SO4) and concentrated by evaporation under reduced pressure. The residue 
was taken up in cyclohexane and filtered off. The filtrate was concentrated by 
evaporation under reduced pressure to afford 191 (4.32 g, 79%) as a pale yellow oil. 
1H NMR (400.1 MHz, CDCl3): ! = 7.85–7.82 (m, AA' of AA'BB' system, 2H, H5), 7.56-
–7.52 (m, BB' of AA'BB' system, 2H, H6), 1.58 (s, 9H, H1);
 13C NMR (100.6 MHz, 
CDCl3): ! = 165.1 (quat. C, C3), 131.6 (CH, C6), 131.1 (CH, C5), 131.0 (quat. C, C4), 
127.5 (quat. C, C7), 81.6 (quat. C, C2), 28.3 (CH3, C1). 
 
tert-Butyl 4-(3-hydroxy-3-methylbut-1-yn-1-yl)benzoate 192. 
A degassed (by bubbling Ar for 40 min) solution of 2,2-
dimethylpropargyl alcohol (2.4 mL, 24.8 mmol) in Et3N (35 
mL) was cannulated into a degassed (by bubbling Ar for 
40 min) suspension of 191 (4.26  g, 16.6 mmol), PPh3 (436 mg, 1.66 mmol), CuI (158 
mg, 0.83 mmol), PdCl2(PPh3)2 (585 mg, 0.83 mmol), Et3N (35 mL) and dry THF (35 
mL). The reaction mixture was heated at 70 °C under an Ar atmosphere for 38 h, 
and then concentrated by evaporation under reduced pressure. The residue was 
taken up in CH2Cl2. The organic phase was washed with water, dried (MgSO4) and 
concentrated by evaporation under reduced pressure. The residue was purified by 
column chromatography (SiO2, gradient from 9:1 to 7:3 cyclohexane/EtOAc) to 
give 192 (4.29 g, 99%) as a brown solid. 1H NMR (400.1 MHz, CDCl3): ! = 7.93–7.90 
(m, AA' of AA'BB' system, 2H, H5), 7.45–7.42 (m, BB' of AA'BB' system, 2H, H6), 
1.63 (s, 6H, H11), 1.59 (s, 9H, H1);
 13C NMR (100.6 MHz, CDCl3): ! = 165.3 (quat. C, 
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C3), 131.6 (quat. C, C4), 131.5 (CH, C6), 129.4 (CH, C5), 127.0 (quat. C, C7), 96.5 (quat. 
C, C9), 81.7 (quat. C, C8), 81.5 (quat. C, C2), 65.8 (quat. C, C10), 31.5 (CH3, C11), 28.3 
(CH3, C1); MS (ES+): m/z (%) = 283 ([M+Na]
+, 100); HRMS (ES+): m/z calc. for 
[M+Na]+ C16H20O3Na 283.1310, found 283.1307. 
 
 tert-Butyl 4-ethynylbenzoate124 193. 
A solution of 192 (355 mg, 1.4 mmol) in toluene (20 mL) was 
treated with powdered NaOH (115 mg, 2.9 mmol). The reaction 
mixture was heated to reflux for 3 h under a N2 atmosphere, 
and then concentrated by evaporation under reduced pressure. The residue was 
taken up in CHCl3. The organic phase was washed with water (2 !), dried (MgSO4) 
and concentrated by evaporation under reduced pressure. The residue was 
purified by column chromatography (SiO2, cyclohexane/EtOAc 19:1) to give 193 
(114 mg, 40%) as a yellow oil. 1H NMR (400.1 MHz, CDCl3): ! = 7.88–7.85 (m, AA' 
of AA'BB' system, 2H, Ar CH), 7.47–7.44 (m, BB' of AA'BB' system, 2H, Ar CH), 
3.14 (s, 1H, CH), 1.52 (s, 9H, CH3);
 MS (ES+): m/z (%) = 225 ([M+Na]+, 100); HRMS 
(ES+): m/z calc. for [M+Na]+ C13H14O2Na 225.0891, found 225.0892. 
 
Ethyl 3-bromo-5-[(4-tert-butylphenyl)ethynyl]benzoate 194. 
A degassed (by bubbling Ar for 40 min) solution of 4-tert-
butylphenylacetylene (1.60 mL, 8.51 mmol) in Et3N (20 mL) 
was cannulated into a degassed (by bubbling Ar for 40 min) 
suspension of ethyl 3-bromo-5-iodobenzoate 189 (2.75 g, 
7.75 mmol), PPh3 (204 mg, 0.78 mmol), CuI (74 mg, 0.39 
mmol), PdCl2(PPh3)2 (271 mg, 0.39 mmol), Et3N (20 mL) and 
dry THF (20 mL). The reaction mixture was stirred at ambient temperature under 
an Ar atmosphere for 19 h, and then heated at 50 °C for 4 h. The reaction mixture 
was poured into water and extracted with CH2Cl2. The organic phase was washed 
with water, dried (MgSO4) and concentrated by evaporation under reduced 
pressure. The residue was purified by column chromatography (SiO2, gradient 
from 20:0 to 19:1 cyclohexane/EtOAc) to give 194 (2.70 g, 90%) as a brown solid. 1H 
NMR (400.1 MHz, CDCl3): ! = 8.11 (d, J = 1.7 Hz, 2H, H12+H13), 7.83 (t, J = 1.7 Hz, 
1H, H10), 7.49–7.46 (m, AA' of AA'BB' system, 2H, H5), 7.41–7.37 (m, BB' of AA'BB' 
system, 2H, H4), 4.40 (q, J = 7.1 Hz, 2H, H16), 1.41 (t, J = 7.1 Hz, 3H, H17), 1.33 (s, 9H, 
H1); 
13C NMR (100.6 MHz, CDCl3): ! = 164.9 (quat. C, C15), 152.4 (quat. C, C3), 138.2 
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(CH, C10), 132.5 (quat. C), 132.0 (CH, C12 or C13), 131.6 (CH, C5), 131.3 (CH, C12 or 
C13), 125.9 (quat. C), 125.6 (CH, C4), 122.3 (quat. C), 119.5 (quat. C, C6), 92.0 (quat. C, 
C7), 86.5 (quat. C, C8), 61.8 (CH2, C16), 35.0 (quat. C, C2), 31.3 (CH3, C1), 14.4 (CH3, 
C17); MS (ES+): m/z (%) = 407 ([M+Na]
+, 100), 409 (85); HRMS (ES+): m/z calc. for 
[M+Na]+ C21H21O2
79BrNa 407.0623, found 407.0625. 
 
3-Bromo-5-[(4-tert-butylphenyl)ethynyl]benzoic acid 195. 
4 M NaOH (6.5 mL) was added to a solution of 194 in 1,4-
dioxane (50 mL) and MeOH (20 mL). The reaction mixture was 
stirred at ambient temperature for 4 h. The pH was then 
adjusted to 1 with  1 M HCl and the solvents were removed by 
evaporation under reduced pressure. The residue was taken up 
in CH2Cl2. The organic phase was washed successively with 1 
M HCl and saturated NaCl solution, dried (Na2SO4) and concentrated by 
evaporation under reduced pressure, affording 195 (1.36 g, 100%) as a pale brown 
solid. 1H NMR (400.1 MHz, CDCl3): ! = 8.18 (d, J = 1.6 Hz, 2H, H12+H13), 7.90 (t, J = 
1.6 Hz, 1H, H10), 7.49–7.46 (m, AA' of AA'BB' system, 2H, H5), 7.42–7.38 (m, BB' of 
AA'BB' system, 2H, H4), 1.35 (s, 9H, H1); 
13C NMR (100.6 MHz, CDCl3): ! = 169.8 
(quat. C, C15), 152.5 (quat. C, C3), 139.1 (CH, C10), 132.6 (CH, C12 or C13), 132.0 (CH, 
C12 or C13), 131.7 (CH, C5), 131.2 (quat. C), 126.2 (quat. C), 125.7 (CH, C4), 122.5 
(quat. C), 119.4 (quat. C, C6), 92.3 (quat. C, C7), 86.3 (quat. C, C8), 35.0 (quat. C, C2), 
31.3 (CH3, C1); MS (ES–): m/z (%) = 355 ([M–H]
–, 100), 357 (93); HRMS (ES–): m/z 
calc. for [M–H]– C19H16O2
79Br 355.0334, found 355.0332. 
 
3-Bromo-5-[(4-tert-butylphenyl)ethynyl]benzoyl fluoride 196. 
Cyanuric fluoride (0.31 mL, 3.7 mmol) was added dropwise to a 
solution of 195 (1.33 g, 3.7 mmol) and dry pyridine (0.30 mL, 3.7 
mmol) in dry CH2Cl2 (35 mL) at –5 °C. The reaction mixture was 
stirred under a N2 atmosphere at –5 °C for 10 min and then at 
ambient temperature for a further 2.5 h. The reaction mixture 
was diluted with CH2Cl2 and washed with saturated NaCl 
solution. The organic phase was dried (MgSO4) and concentrated by evaporation 
under reduced pressure to afford 196 (1.32 g, 99%) as an orange solid. 1H NMR 
(400.1 MHz, CDCl3): ! = 8.11–8.09 (m, 2H, 2 ! Ar CH), 7.96 (dd, J = 1.8, 1.6 Hz, 1H, 
Ar CH), 7.49–7.46 (m, AA' of AA'BB' system, 2H, Ar CH), 7.42–7.39 (m, BB' of 
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AA'BB' system, 2H, Ar CH), 1.34 (s, 9H, CH3); 
19F NMR (376.5 MHz, CDCl3): ! = 
+19.6. 
 
N-(4-aminophenyl)-3-bromo-5-((4-tert-butylphenyl)ethynyl)benzamide 197. 
A solution of 196 (1.32 g, 3.7 mmol) in dry CH2Cl2 (20 
mL) was added dropwise (over 40 min) to a solution 
of 1,4-phenylenediamine (1.20 g, 11.1 mmol) in dry 
CH2Cl2 (40 mL) under a N2 atmosphere. The reaction 
mixture was stirred at ambient temperature for 2 
days, and then diluted with CH2Cl2. The organic 
phase was washed successively with water and 
saturated NaCl solution, dried (MgSO4) and concentrated by evaporation under 
reduced pressure. The residue was purified by column chromatography (SiO2, 
cyclohexane/EtOAc 1:1) to give 197 (1.31 g, 79%) as a yellow solid. 1H NMR (400.1 
MHz, CDCl3): ! = 7.93 (t, J = 1.6 Hz, 1H, H12), 7.87 (t, J = 1.4 Hz, 1H, H13), 7.79 (t, J = 
1.6 Hz, 1H, H10), 7.71 (br s, 1H, H16), 7.48–7.45 (m, AA' of AA'BB' system, 2H, H5), 
7.40-7.37 (m, AA'BB' system, 4H, H4+H18), 6.70–6.67 (m, BB' of AA'BB' system, 2H, 
H19), 3.67 (br s, 2H, H21), 1.33 (s, 9H, H1); 
13C NMR (100.6 MHz, CDCl3): ! = 163.6 
(quat. C, C15), 152.5 (quat. C, C3), 144.0 (quat. C, C20), 137.2 (quat. C), 136.9 (CH, C10), 
131.6 (CH, C5), 130.0 (CH, C12), 128.8 (quat. C, C17), 128.5 (CH, C13), 126.1 (quat. C), 
125.6 (CH, C4), 122.8 (quat. C), 122.6 (CH, C18), 119.4 (quat. C, C6), 115.6 (CH, C19), 
92.2 (quat. C, C7), 86.5 (quat. C, C8), 35.0 (quat. C, C2), 31.3 (CH3, C1); MS (ES+): m/z 
(%) = 447 ([M+H]+, 100), 449 (75); HRMS (ES+): m/z calc. for [M+H]+ C25H24N2O
79Br 
447.1072, found 447.1062. 
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tert-Butyl 4-((3-(4-aminophenylcarbamoyl)-5-((4-tert-butylphenyl)ethynyl)-
phenyl)ethynyl)benzoate 198. 
A degassed (by bubbling Ar for 30 min) solution of 
193 (0.57 g, 2.8 mmol) in Et3N (15 mL) was 
cannulated into a degassed (by bubbling Ar for 35 
min) suspension of 197 (0.97 g, 2.2 mmol), PPh3 (58 
mg, 0.22 mmol), CuI (22 mg, 0.12 mmol), 
PdCl2(PPh3)2 (78 mg, 0.11 mmol), Et3N (15 mL) and 
dry THF (15 mL). The reaction mixture was heated at 
70 °C for 45 h. The reaction mixture was 
concentrated by evaporation under reduced 
pressure. The residue was taken up in CH2Cl2. The 
organic phase was washed with water, dried (MgSO4) and concentrated by 
evaporation under reduced pressure. The purification of the residue by column 
chromatography was proven to be difficult, therefore the product was used in the 
next step without further purification. 
 
4-((3-(4-Aminophenylcarbamoyl)-5-((4-tert-butylphenyl)ethynyl)phenyl)-
ethynyl)benzoic acid 199. 
A solution of 198 in CH2Cl2 (7 mL) was treated with 
trifluoroacetic acid (3 mL). The reaction mixture was 
stirred at ambient temperature for 45 min and 
concentrated by evaporation under reduced 
pressure. The residue was used in the next step 
without further purification. 
 
 
 
 
 (Z)-4-tert-Butyl-N-(3-(carboxymethyl)-5-propoxybenzylidene)aniline oxide 201. 
BiCl3 (205 mg, 0.65 mmol) was added to a solution of 1-
tert-butyl-4-nitrobenzene (0.55 mL, 3.25 mmol) in EtOH 
(16 mL) and water (5 mL). KBH4 (354 mg, 6.56 mmol) 
was then added gradually over 3 min under a N2 
atmosphere. After the addition was complete, the 
reaction mixture was stirred at ambient temperature 
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for a further 15 min under a N2 atmosphere. Then the mixture was acidified to pH 
7 with 0.5 M HCl under a N2 atmosphere and extracted immediately with Et2O. The 
organic layer was washed with saturated NaCl solution, dried (Na2SO4) and 
concentrated by evaporation under reduced pressure. The 4-tert-butyl-N-
hydroxyaniline 139 obtained was dissolved immediately in EtOH (20 mL) and 222 
(645 mg, 2.90 mmol) was added. The reaction mixture was stirred at ambient 
temperature in the absence of light for 23 h. The precipitate was filtrated off, 
affording 201 (598 mg, 56% over 2 steps) as a beige solid. 1H NMR (499.9 MHz, 
CDCl3): ! = 8.05 (s, 1H, H10), 7.89 (s, 1H, H12), 7.71 (s, 1H, H7), 7.70–7.67 (m, AA’ of 
AA’BB’ system, 2H, H14), 7.49–7.46 (m, BB’ of AA’BB’ system, 2H, H15), 6.95 (s, 1H, 
H5), 3.98 (t, J = 6.6 Hz, 2H, H3), 3.63 (s, 2H, H8), 1.81 (sextet, J = 7.1 Hz, 2H, H2), 1.35 
(s, 9H, H18), 1.03 (t, J = 7.4 Hz, 3H, H1); 
13C NMR (125.7 MHz, CDCl3): ! = 175.1 
(quat. C, C9), 159.4 (quat. C, C4), 153.7 (quat. C, C16), 146.3 (quat. C, C13), 135.9 (CH, 
C12), 135.4 (quat. C, C6), 131.7 (quat. C, C11), 126.3 (CH, C15), 123.3 (CH, C7), 121.5 
(CH, C14), 119.8 (CH, C5), 113.0 (CH, C10), 69.8 (CH2, C3), 41.0 (CH2, C8), 35.0 (quat. 
C, C17), 31.4 (CH3, C18), 22.7 (CH2, C2), 10.7 (CH3, C1); MS (ES+): m/z (%) = 392 
([M+Na]+, 100); HRMS (CI+): m/z calc. for [M+H]+ C22H28NO4 370.2018, found 
370.2015. 
 
3-((4-tert-Butylphenyl)ethynyl)-5-((4-(4,6-dimethylpyridin-2-ylcarbamoyl)-
phenyl)ethynyl)-N-(4-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)phenyl)benzamide 
202. 
Maleic anhydride (78 mg, 0.80 mmol) was 
added to a solution of 214 (492 mg, 0.80 mmol) 
in acetic acid (25 mL). The reaction mixture was 
stirred at ambient temperature under a N2 
atmosphere for 6 h, and then heated to reflux 
for 17 h. The solvent was removed by 
evaporation under reduced pressure. The 
residue was purified by column 
chromatography (SiO2, gradient from 100:0 to 
97:3 CHCl3/MeOH), affording 202 (339 mg, 
61%) as a yellow solid. 1H NMR (400.1 MHz, 
CDCl3): ! = 8.95 (br s, 1H, H17), 8.30 (s, 1H, H31), 
8.02 (s, 1H, H15), 7.97–7.94 (m, 4H, H20+H27+H28), 7.85–7.82 (m, 3H, H26+H33), 7.63–
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7.59 (m, BB' of AA'BB' system, 2H, H21), 7.49–7.46 (m, AA' of AA'BB' system, 2H, 
H5), 7.41–7.36 (m, 4H, H4+H34), 6.86 (s, 2H, H37), 6.78 (s, 1H, H12), 2.43 (s, 3H, H10), 
2.34 (s, 3H, H14), 1.34 (s, 9H, H1); 
13C NMR (100.6 MHz, CDCl3): ! = 169.6 (quat. C, 
C36), 165.2 (quat. C, C18), 164.4 (quat. C, C30), 156.4 (quat. C, C11), 152.4 (quat. C, C3), 
150.9 (quat. C, C13+C16), 137.5 (CH, C26), 137.5 (quat. C, C32), 135.6 (quat. C), 134.4 
(CH, C37), 134.3 (quat. C, C19), 132.1 (CH, C21), 131.7 (CH, C5), 130.1 (CH, C27 or C28), 
129.7 (CH, C27 or C28), 127.7 (quat. C, C35), 127.6 (CH, C20), 126.9 (CH, C34), 126.6 
(quat. C, C22), 125.7 (CH, C4), 125.1 (quat. C), 124.1 (quat. C), 121.0 (CH, C12), 120.8 
(CH, C33), 119.5 (quat. C, C6), 112.2 (CH, C15), 91.9 (quat. C, C7), 90.4 (quat. C, C8 or 
C24), 90.3 (quat. C, C23), 86.9 (quat. C, C8 or C24), 35.0 (quat. C, C2),  31.3 (CH3, C1), 
23.6 (CH3, C10), 21.5 (CH3, C14). 
 
N-(4,6-dimethylpyridin-2-yl)-4-iodobenzamide 204. 
2-Amino-4,6-dimethylpyridine (2.31 g, 18.9 mmol), as a 
solution in dry CH2Cl2 (70 mL) and Et3N (5.0 mL, 35.8 mmol), 
was added dropwise to neat 4-iodobenzoyl chloride (4.21 g, 
15.8 mmol) at 0 ºC under a N2 atmosphere. The solution was 
then allowed to warm at ambient temperature and stirred for 17 h. The reaction 
mixture was diluted with CH2Cl2 and washed successively with 1 M HCl and 
saturated NaHCO3 solution. The organic layer was dried (MgSO4) and the solvent 
was removed by evaporation under reduced pressure to afford 204 (5.32 g, 96%) as 
an off-white solid. Rf = 0.58 (cyclohexane/EtOAc 2:1); 
1H NMR (300.1 MHz, 
CDCl3): ! = 8.56 (br s, 1H, H8), 8.01 (s, 1H, H6), 7.85–7.81 (m, AA’ of AA’BB’ system, 
2H, H12), 7.66–7.61 (m, BB’ of AA’BB’ system, 2H, H11), 6.78 (s, 1H, H3), 2.40 (s, 3H, 
H1), 2.35 (s, 3H, H5); 
13C NMR (100.6 MHz, CDCl3): ! = 164.9 (quat. C, C9), 156.5 
(quat. C, C2), 150.7 (quat. C, C7), 150.6 (quat. C, C4), 138.1 (CH, C12), 133.9 (quat. C, 
C10), 128.9 (CH, C11), 121.0 (CH, C3), 111.8 (CH, C6), 99.5 (quat. C, C13), 23.8 (CH3, 
C1), 21.5 (CH3, C5); MS (CI+): m/z (%) = 227 (50), 353 ([M+H]
+, 100); HRMS (CI+): 
m/z calc. for [M+H]+ C14H14N2OI 353.0151, found 353.0153. 
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N-(4,6-dimethylpyridin-2-yl)-4-((trimethylsilyl)ethynyl)benzamide 206. 
A mixture of 204 (2.26 g, 6.4 mmol), dry THF (20 mL), 
dry Et3N (40 mL), PPh3 (169 mg, 0.64 mmol), CuI (63 mg, 
0.33 mmol) and PdCl2(PPh3)2 (227 mg, 0.32 mmol) was 
degassed by bubbling Ar for 50 min. 
Trimethylsilylacetylene (1.4 mL, 9.9 mmol) was added 
to the reaction mixture, which was then heated at 40 ºC under an Ar atmosphere 
for 22 h. The reaction mixture was poured into water and extracted with CH2Cl2. 
The organic layer was washed with water, dried (MgSO4) and the solvent was 
removed by evaporation under reduced pressure. The residue was purified by 
column chromatography (SiO2, gradient from 95:5 to 70:30 cyclohexane/EtOAc) to 
give 206 (1.97 g, 95%) as pale yellow solid. Rf = 0.45 (cyclohexane/EtOAc 8:2); 
1H 
NMR (400.1 MHz, CDCl3): ! = 8.53 (br s, 1H, H8), 8.04 (s, 1H, H6), 7.88–7.85 (m, AA’ 
of AA’BB’ system, 2H, H11), 7.59–7.56 (m, BB’ of AA’BB’ system, 2H, H12), 6.79 (s, 
1H, H3), 2.44 (s, 3H, H1), 2.37 (s, 3H, H5), 0.27 (s, 9H, H16); 
13C NMR (75.5 MHz, 
CDCl3): ! = 165.0 (quat. C, C9), 156.5 (quat. C, C2), 150.8 (quat. C, C4), 150.4 (quat. C, 
C7), 134.0 (quat. C, C10), 132.3 (CH, C12), 127.2 (CH, C11), 127.1 (quat. C, C13), 120.9 
(CH, C3), 111.8 (CH, C6), 104.0 (quat. C, C14), 97.7 (quat. C, C15), 23.8 (CH3, C1), 21.4 
(CH3, C5), 0.0 (CH3, C16); MS (CI+): m/z (%) = 323 ([M+H]
+, 100); HRMS (CI+): m/z 
calc. for [M+H]+ C19H23N2OSi 323.1580, found 323.1578. 
 
N-(4,6-dimethylpyridin-2-yl)-4-ethynylbenzamide 207. 
Tetrabutylammonium fluoride (1 M in THF, 8 mL, 8 mmol) 
was added to a solution of 206 (1.32 g, 4.1 mmol) in dry 
THF (30 mL). The reaction mixture was stirred at ambient 
temperature for 2 h. Saturated NH4Cl solution and CH2Cl2 
were then added to the reaction mixture. The organic phase was washed 
successively with saturated NH4Cl solution and water, dried (MgSO4) and 
concentrated by evaporation under reduced pressure. The residue was purified by 
column chromatography (SiO2, gradient from 9:1 to 7:3 cyclohexane/EtOAc) to 
afford 207 (1.03 g, 100%) as an orange solid. 1H NMR (400.1 MHz, CDCl3): ! = 8.64 
(br s, 1H, H8), 8.02 (s, 1H, H6), 7.88–7.85 (m, AA’ of AA’BB’ system, 2H, H11), 7.59–
7.56 (m, BB’ of AA’BB’ system, 2H, H12), 6.76 (s, 1H, H3), 3.23 (s, 1H, H15), 2.38 (s, 
3H, H1), 2.35 (s, 3H, H5); 
13C NMR (100.6 MHz, CDCl3): ! = 164.9 (quat. C, C9), 156.6 
(quat. C, C2), 150.8 (quat. C, C7), 150.4 (quat. C, C4), 134.5 (quat. C, C10), 132.5 (CH, 
N
H
O
N
1
2
3
4
5
6
7 8
9
10
11
12
13
Si
14
15
16
N
H
O
N
1
2
3
4
5
6
7 8
9
10
11
12
13
14
15
7. Experimental 218 
 
C12), 127.3 (CH, C11), 126.1 (quat. C, C13), 120.9 (CH, C3), 111.8 (CH, C6), 82.7 (quat. 
C, C14), 80.1 (CH, C15), 23.9 (CH3, C1), 21.4 (CH3, C5); MS (ES+): m/z (%) = 251 
([M+H]+, 80), 273 (100), 523 (18); HRMS (ES+): m/z calc. for [M+Na]+ C16H14N2ONa 
273.1004, found 273.1007. 
 
Methyl 3-bromo-5-iodobenzoate 209. 
A mixture of 3-bromo-5-iodobenzoic acid (2.07 g, 6.3 mmol) and 
H2SO4 (1.5 mL) in MeOH (70 mL) was heated to reflux for 3.5 h. The 
reaction mixture was then concentrated by evaporation under 
reduced pressure and poured into a mixture of ice and water. The resulting 
precipitate was filtered off, affording 209 (2.08 g, 97%) as an off-white solid. 1H 
NMR (400.1 MHz, CDCl3): ! = 8.29 (t, J = 1.5 Hz, 1H, H4 or H8), 8.13 (dd, J = 1.8, 1.4 
Hz, 1H, H4 or H8), 8.03 (dd, J = 1.8, 1.6 Hz, 1H, H6), 3.92 (s, 3H, H1);
 13C NMR (100.6 
MHz, CDCl3): ! = 164.5 (quat. C, C2), 143.9 (CH, C6), 137.3 (CH, C4 or C8), 133.4 
(quat. C, C3), 132.1 (CH, C4 or C8), 123.1 (quat. C, C5 or C7), 94.1 (quat. C, C5 or C7), 
52.9 (CH3, C1); MS (CI+): m/z (%) = 170 (30), 172 (30), 214 (45), 216 (50), 297 (30), 311 
(30), 340 (30), 341 ([M+H]+, 100), 342 (40), 343 (85); HRMS (CI+): m/z calc. for 
[M+H]+ C8H7O2
79BrI 340.8674, found 340.8730. 
 
Methyl 3-bromo-5-[(4-tert-butylphenyl)ethynyl]benzoate 210. 
A degassed (by bubbling Ar for 35 min) solution of 4-tert-
butylphenylacetylene (1.14 mL, 6.1 mmol) in Et3N (20 mL) was 
cannulated into a degassed (by bubbling Ar for 40 min) 
suspension of 209 (1.87 g, 5.5 mmol), PPh3 (145 mg, 0.55 
mmol), CuI (54 mg, 0.28 mmol), PdCl2(PPh3)2 (193 mg, 0.27 
mmol), Et3N (20 mL) and dry THF (20 mL). The reaction 
mixture was heated at 45 °C under an Ar atmosphere for 2.5 h. The reaction 
mixture was then poured into water and extracted with CH2Cl2. The organic phase 
was washed with water, dried (MgSO4) and concentrated by evaporation under 
reduced pressure. The residue was purified by column chromatography (SiO2, 
gradient from 20:0 to 19:1 cyclohexane/EtOAc) to give 210 (1.95 g, 95%) as a pale 
yellow solid. 1H NMR (400.1 MHz, CDCl3): ! = 8.11 (d, J = 1.7 Hz, 2H, H12+H13), 7.83 
(t, J = 1.7 Hz, 1H, H10), 7.48–7.45 (m, AA’ of AA’BB’ system, 2H, H5), 7.40–7.37 (m, 
BB’ of AA’BB’ system, 2H, H4), 3.94 (s, 3H, H16), 1.33 (s, 9H, H1); 
13C NMR (100.6 
MHz, CDCl3): ! = 165.4 (quat. C, C15), 152.4 (quat. C, C3), 138.3 (CH, C10), 132.1 
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(quat. C), 132.1 (CH, C12 or C13), 131.6 (CH, C5), 131.4 (CH, C12 or C13), 126.0 (quat. 
C), 125.6 (CH, C4), 122.3 (quat. C), 119.5 (quat. C, C6), 92.0 (quat. C, C7), 86.4 (quat. 
C, C8), 52.7 (CH3, C16), 35.0 (quat. C, C2), 31.3 (CH3, C1); MS (CI+): m/z (%) = 371 
([M+H]+, 100), 373 (95); HRMS (CI+): m/z calc. for [M+H]+ C20H20O2
79Br 371.0647, 
found 371.0639. 
 
Methyl 3-((4-tert-butylphenyl)ethynyl)-5-((4-(4,6-dimethylpyridin-2-
ylcarbamoyl)phenyl)ethynyl)benzoate 211. 
A degassed (by bubbling Ar for 1 h) solution of 207 (0.81 g, 
3.24 mmol) in Et3N (20 mL) and dry THF (10 mL) was 
cannulated into a degassed (by bubbling Ar for 45 min) 
suspension of 210 (1.09 g, 2.94 mmol), PPh3 (79 mg, 0.30 
mmol), CuI (28 mg, 0.15 mmol), PdCl2(PPh3)2 (106 mg, 0.15 
mmol), Et3N (20 mL) and dry THF (20 mL). The reaction 
mixture was heated at 75 °C under an Ar atmosphere for 
42 h. The reaction mixture was then poured into water and 
extracted with CH2Cl2. The organic phase was washed 
with water, dried (MgSO4) and concentrated by 
evaporation under reduced pressure. The residue was 
purified by column chromatography (SiO2, gradient from 
5:0 to 3:2 cyclohexane/EtOAc) to give 211 (1.18 g, 74%) as yellow solid. 1H NMR 
(400.1 MHz, CDCl3): ! = 8.49 (s, 1H, H17), 8.17 (t, J = 1.6 Hz, 1H, H27 or H28), 8.15 (t, J 
= 1.6 Hz, 1H, H27 or H28), 8.04 (s, 1H, H15), 7.94–7.91 (m, AA' of AA'BB' system, 2H, 
H20), 7.87 (t, J = 1.6 Hz, 1H, H26), 7.67–7.64 (m, BB' of AA'BB' system, 2H, H21), 7.50–
7.47 (m, AA' of AA'BB' system, 2H, H5), 7.41–7.38 (m, BB' of AA'BB' system, 2H, 
H4), 6.79 (s, 1H, H12), 3.96 (s, 3H, H31), 2.43 (s, 3H, H10), 2.37 (s, 3H, H14), 1.34 (s, 9H, 
H1); 
13C NMR (100.6 MHz, CDCl3): ! = 165.9 (quat. C, C30), 164.8 (quat. C, C18), 156.7 
(quat. C, C11), 152.3 (quat. C, C3), 150.8 (quat. C, C16), 150.4 (quat. C, C13), 138.4 (CH, 
C26), 134.2 (quat. C, C19), 132.7 (CH, C27 or C28), 132.1 (2 ! CH, C21 + (C27 or C28)), 
131.6 (CH, C5), 131.0 (quat. C), 127.4 (CH, C20), 126.7 (quat. C, C22), 125.6 (CH, C4), 
124.7 (quat. C), 123.6 (quat. C), 120.9 (CH, C12), 119.6 (quat. C, C6), 111.8 (CH, C15), 
91.5 (quat. C, C7), 90.5 (quat. C, C8 or C24), 89.9 (quat. C, C23), 87.0 (quat. C, C8 or 
C24), 52.6 (CH3, C31), 35.0 (quat. C, C2), 31.3 (CH3, C1), 24.0 (CH3, C10), 21.5 (CH3, C14); 
MS (CI+): m/z (%) = 143 (30), 541 ([M+H]+, 100); HRMS (CI+): m/z calc. for [M+H]+ 
C36H33N2O3 541.2491, found 541.2480. 
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3-((4-tert-Butylphenyl)ethynyl)-5-((4-(4,6-dimethylpyridin-2-ylcarbamoyl)-
phenyl)ethynyl)benzoic acid 212. 
4 M NaOH (3.4 mL) was added to a solution of 211 (1.04 g, 
1.92 mmol) in 1,4-dioxane (25 mL) and MeOH (10 mL). The 
reaction mixture was stirred at ambient temperature for 5 
h. The pH was then adjusted to 1 with 1 M HCl and the 
solvents were removed by evaporation under reduced 
pressure. The residue was taken up in CH2Cl2. The organic 
phase was washed successively with 1 M HCl and 
saturated NaCl solution, dried (Na2SO4) and concentrated 
by evaporation under reduced pressure, affording 212 (932 
mg, 92%) as a pale yellow solid. 1H NMR (400.1 MHz, 
CDCl3): ! = 12.17 (s, 1H, H17), 8.63 (s, 1H, H15), 8.36–8.33 (m, 
AA' of AA'BB' system, 2H, H20), 8.21 (t, J = 1.6 Hz, 1H, H27 
or H28), 8.20 (t, J = 1.6 Hz, 1H, H27 or H28), 7.92 (t, J = 1.6 Hz, 1H, H26), 7.72–7.69 (m, 
BB' of AA'BB' system, 2H, H21), 7.51–7.48 (m, AA' of AA'BB' system, 2H, H5), 7.41–
7.38 (m, BB' of AA'BB' system, 2H, H4), 6.99 (s, 1H, H12), 2.75 (s, 3H, H10), 2.57 (s, 3H, 
H14), 1.34 (s, 9H, H1);
 13C NMR (100.6 MHz, CDCl3): ! = 165.3 (quat. C, C30), 165.4 
(quat. C, C18), 160.2 (quat. C, C13), 152.3 (quat. C, C3), 149.0 (quat. C, C11), 148.4 
(quat. C, C16), 139.2 (CH, C26), 133.3 (CH, C27 or C28), 132.7 (CH, C27 or C28), 132.4 
(CH, C21), 131.7 (CH, C5), 131.3 (quat. C, C19), 130.2 (quat. C), 128.8 (CH, C20), 128.2 
(quat. C, C22), 125.6 (CH, C4), 124.9 (quat. C), 123.8 (quat. C), 120.9 (CH, C12), 119.6 
(quat. C, C6), 114.4 (CH, C15), 91.7 (quat. C, C7), 91.1 (quat. C, C8 or C24), 90.0 (quat. 
C, C23), 86.9 (quat. C, C8 or C24), 35.0 (quat. C, C2), 31.3 (CH3, C1), 23.0 (CH3, C14), 
19.5 (CH3, C10); MS (ES–): m/z (%) = 525 ([M–H]
–, 100); HRMS (ES–): m/z calc. for 
[M–H]– C35H30N2O3 525.2178, found 525.2173. 
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3-((4-tert-Butylphenyl)ethynyl)-5-((4-(4,6-dimethylpyridin-2-ylcarbamoyl)-
phenyl)ethynyl)benzoyl fluoride 213. 
Cyanuric fluoride (0.15 mL, 1.8 mmol) was added dropwise 
to a solution of 212 (0.94 g, 1.8 mmol) and dry pyridine (0.15 
mL, 1.9 mmol) in dry CH2Cl2 (60 mL) at –5 °C. The reaction 
mixture was stirred under a N2 atmosphere at –5 °C for 10 
min and then at ambient temperature for a further 2.5 h. The 
reaction mixture was diluted with CH2Cl2 and washed with 
saturated NaCl solution. The organic phase was dried 
(MgSO4) and concentrated by evaporation under reduced 
pressure to afford 213 (0.95 g, 100%) as a yellow solid. 1H 
NMR (300.1 MHz, CDCl3): ! = 11.40 (br s, 1H, NH), 8.45 (s, 
1H, Ar CH), 8.21 (d, AA' of AA'BB' system, J = 8.6 Hz, 2H, Ar 
CH), 8.15 (t, J = 1.6 Hz, 1H, Ar CH), 8.13 (t, J = 1.6 Hz, 1H, Ar CH), 7.99 (t, J = 1.6 
Hz, 1H, Ar CH), 7.68 (d, BB' of AA'BB' system, J = 8.6 Hz, 2H, Ar CH), 7.51–7.47 (m, 
AA' of AA'BB' system, 2H, Ar CH), 7.43–7.39 (m, BB' of AA'BB' system, 2H, Ar 
CH), 6.97 (s, 1H, Ar CH), 2.69 (s, 3H, CH3), 2.54 (s, 3H, CH3), 1.34 (s, 9H, CH3); 
19F 
NMR (282.3 MHz, CDCl3): ! = +19.5. 
 
N-(4-Aminophenyl)-3-((4-tert-butylphenyl)ethynyl)-5-((4-(4,6-dimethylpyridin-2-
ylcarbamoyl)phenyl)ethynyl)benzamide 214. 
A solution of 213 (0.94 g, 1.8 mmol) in dry CH2Cl2 
(15 mL) was added dropwise (over 40 min) to a 
solution of 1,4-phenylenediamine (585 mg, 5.4 
mmol) in dry CH2Cl2 (40 mL) under a N2 
atmosphere. The reaction mixture was stirred at 
ambient temperature for 64 h, and then diluted 
with CH2Cl2. The organic phase was washed 
successively with water and saturated NaCl 
solution, dried (MgSO4) and concentrated by 
evaporation under reduced pressure. The residue 
was purified by column chromatography (SiO2, 
gradient from 20:0 to 19:1 CH2Cl2/MeOH) to give 
214 (565 mg, 51%) as a yellow solid. 1H NMR (400.1 MHz, CDCl3): ! = 8.73 (br s, 
1H, H17 or H31), 8.06 (s, 1H, H15), 7.96–7.94 (m, 4H, H20+H27+H28), 7.83 (t, J = 1.5 Hz, 
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1H, H26), 7.77 (s, 1H, H17 or H31), 7.66–7.63 (m, BB' of AA'BB' system, 2H, H21), 7.50–
7.47 (m, AA' of AA'BB' system, 2H, H5), 7.43 (d, AA' of AA'BB' system, J = 8.7 Hz, 
2H, H33), 7.41–7.38 (m, BB' of AA'BB' system, 2H, H4), 6.80 (s, 1H, H12), 6.71 (d, BB' 
of AA'BB' system, J = 8.6 Hz, 2H, H34), 3.69 (br s, 2H, H36), 2.45 (s, 3H, H10), 2.37 (s, 
3H, H14), 1.34 (s, 9H, H1); 
13C NMR (100.6 MHz, CDCl3): ! = 164.9 (quat. C, C18), 
164.2 (quat. C, C30), 156.4 (quat. C, C11), 152.3 (quat. C, C3), 150.7 (quat. C, C13+C16), 
143.9 (quat. C, C35), 137.1 (CH, C26), 136.1 (quat. C), 134.1 (quat. C, C19), 132.1 (CH, 
C21), 131.6 (CH, C5), 130.1 (CH, C27 or C28), 129.7 (CH, C27 or C28), 129.1 (quat. C, C32), 
127.5 (CH, C20), 126.7 (quat. C, C22), 125.6 (CH, C4), 124.9 (quat. C), 123.8 (quat. C), 
122.5 (CH, C33), 121.0 (CH, C12), 119.6 (quat. C, C6), 115.6 (CH, C34), 111.9 (CH, C15), 
91.6 (quat. C, C7), 90.6 (quat. C, C8 or C24), 90.1 (quat. C, C23), 87.1 (quat. C, C8 or 
C24), 35.0 (quat. C, C2), 31.3 (CH3, C1), 23.8 (CH3, C10), 21.5 (CH3, C14); MS (ES+): m/z 
(%) = 617 ([M+H]+, 100), 618 (55); HRMS (ES+): m/z calc. for [M+H]+ C41H37N4O2 
617.2917, found 617.2921. 
 
Dimethyl 5-propoxyisophthalate 217. 
A mixture of dimethyl 5-hydroxyisophthalate (9.45 g, 45.0 mmol), 
K2CO3 (9.38 g, 67.9 mmol), 1-bromopropane (4.1 mL, 45.1 mmol) 
and CH3CN (150 mL) was heated to reflux for 42 hours. The solvent 
was removed by evaporation under reduced pressure. The residue 
was taken up in water and extracted with CH2Cl2 (2 !). The 
combined organic layers were washed with 1 M NaOH and dried (MgSO4). The 
solvent was removed by evaporation under reduced pressure, providing 217 (10.77 
g, 95%) as a white solid. 1H NMR (400.1 MHz, CDCl3): ! = 8.25 (t, J = 1.4 Hz, 1H, 
H7), 7.73 (d, J = 1.4 Hz, 2H, H5), 4.00 (t, J = 6.5 Hz, 2H, H3), 3.93 (s, 6H, H9), 1.83 
(sextet, J = 7.1 Hz, 2H, H2), 1.05 (t, J = 7.4 Hz, 3H, H1); 
13C NMR (75.5 MHz, CDCl3): 
! = 166.3 (quat. C, C8), 159.3 (quat. C, C4), 131.8 (quat. C, C6), 122.9 (CH, C7), 120.0 
(CH, C5), 70.2 (CH2, C3), 52.5 (CH3, C9), 22.6 (CH2, C2), 10.6 (CH3, C1); MS (CI+): m/z 
(%) = 253 ([M+H]+, 100); HRMS (CI+): m/z calc. for [M+H]+ C13H17O5 253.1076, 
found 253.1075. 
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 (5-Propoxy-1,3-phenylene)dimethanol 218. 
A solution of 217 (11.97 g, 47.5 mmol) in dry THF (60 mL) was added 
dropwise to a suspension of LiAlH4 (4.12 g, 108.6 mmol) in dry THF 
(30 mL) under a N2 atmosphere. The reaction mixture was stirred at 
ambient temperature for 4.5 h, and then quenched successively with 
EtOAc and water. The reaction mixture was acidified with HCl and 
extracted with EtOAc (2 !). The combined organic layers were dried (MgSO4) and 
concentrated by evaporation under reduced pressure. The residue was purified by 
column chromatography (SiO2, gradient from 7:3 to 2:3 cyclohexane/EtOAc) to 
give 218 (7.62 g, 82%) as a white solid. 1H NMR (400.1 MHz, CDCl3): ! = 6.89 (s, 1H, 
H7), 6.81 (s, 2H, H5), 4.62 (s, 4H, H8), 3.92 (t, J = 6.6 Hz, 2H, H3), 2.07 (s, 2H, H9), 1.80 
(sextet, J = 7.1 Hz, 2H, H2), 1.03 (t, J = 7.4 Hz, 3H, H1); 
13C NMR (100.6 MHz, CDCl3): 
! = 159.6 (quat. C, C4), 142.8 (quat. C, C6), 117.5 (CH, C7), 112.2 (CH, C5), 69.7 (CH2, 
C3), 65.1 (CH2, C8), 22.7 (CH2, C2), 10.6 (CH3, C1); MS (CI+): m/z (%) = 179 (100), 196 
(M+, 25); HRMS (CI+): m/z calc. for M+ C11H16O3 196.1099, found 196.1094. 
 
1,3-Bis(bromomethyl)-5-propoxybenzene 219. 
PPh3 (2.96 g, 11.3 mmol) was added to a solution of 218 (0.88 g, 4.5 
mmol) and CBr4 (3.74 g, 11.3 mmol) in dry THF (35 mL). The reaction 
mixture was stirred at ambient temperature under a N2 atmosphere for 
21 h. The reaction mixture was diluted with water and extracted with 
CH2Cl2 (2 !). The combined organic layers were dried (MgSO4) and 
concentrated by evaporation under reduced pressure. The residue was purified by 
column chromatography (SiO2, CH2Cl2) to give 219 (1.25 g, 86%) as an off-white 
solid. 1H NMR (300.1 MHz, CDCl3): ! = 6.98 (t, J = 1.5 Hz, 1H, H7), 6.86 (d, J = 1.5 
Hz, 2H, H5), 4.43 (s, 4H, H8), 3.93 (t, J = 6.5 Hz, 2H, H3), 1.81 (sextet, J = 7.1 Hz, 2H, 
H2), 1.04 (t, J = 7.4 Hz, 3H, H1); 
13C NMR (75.5 MHz, CDCl3): ! = 159.7 (quat. C, C4), 
139.7 (quat. C, C6), 121.7 (CH, C7), 115.4 (CH, C5), 69.8 (CH2, C3), 33.1 (CH2, C8), 22.7 
(CH2, C2), 10.7 (CH3, C1); MS (CI+): m/z (%) = 241 ([M–Br]
+, 100), 243 (90); HRMS 
(CI+): m/z calc. for M+ C11H14O
79Br81Br 321.9391, found 321.9396. 
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 [3-(Bromomethyl)-5-propoxyphenyl]acetonitrile 220. 
A mixture of 219 (10.04 g, 31.2 mmol), 18-crown-6 (8.48 g, 32.1 mmol) 
and KCN (2.05 g, 31.5 mmol) in CH3CN (170 mL) was heated to reflux 
for 3 days. The solvent was then removed by evaporation under 
reduced pressure and the residue was taken up in Et2O. The organic 
layer was washed successively with water and saturated NaCl 
solution, dried (MgSO4) and concentrated by evaporation under reduced pressure. 
The residue was purified by column chromatography (SiO2, gradient from 100:0 to 
2:3 petroleum ether/EtOAc) to give 220 (3.18 g, 38%) as a yellow oil. 1H NMR 
(300.1 MHz, CDCl3): ! = 6.91 (s, 1H, H7), 6.88 (s, 1H, H10), 6.80 (s, 1H, H5), 4.43 (s, 
2H, H12), 3.93 (t, J = 6.5 Hz, 2H, H3), 3.71 (s, 2H, H8), 1.81 (sextet, J = 7.1 Hz, 2H, H2), 
1.04 (t, J = 7.4 Hz, 3H, H1); 
13C NMR (75.5 MHz, CDCl3): ! = 160.0 (quat. C, C4), 
140.2 (quat. C, C11), 131.8 (quat. C, C6), 120.6 (CH, C7), 117.6 (quat. C, C9), 114.8 (CH, 
C10), 114.4 (CH, C5), 69.9 (CH2, C3), 32.9 (CH2, C12), 23.6 (CH2, C8), 22.6 (CH2, C2), 
10.6 (CH3, C1); MS (CI+): m/z (%) = 188 ([M–Br]
+, 100); HRMS (CI+): m/z calc. for 
[M+H]+ C12H15NO
79Br 268.0337, found 268.0338. 
 
 (3-Formyl-5-propoxyphenyl)acetonitrile 221. 
A mixture of 220 (3.06 g, 11.4 mmol) and HMTA (6.39 g, 45.6 mmol) in 
EtOH (20 mL) and water (20 mL) was heated to reflux overnight. The 
reaction mixture was then acidified to pH 3 with 4 M HCl and heated 
to reflux for a further 1.5 h. The reaction mixture was diluted with 
water and extracted with CH2Cl2 (2 !). The combined organic layers 
were washed successively with water and saturated NaCl solution, dried (MgSO4) 
and concentrated by evaporation under reduced pressure. The residue was 
purified by column chromatography (SiO2, CH2Cl2) to give 221 (1.329 g, 57%) as a 
yellow solid. 1H NMR (400.1 MHz, CDCl3): ! = 9.96 (s, 1H, H12), 7.40 (s, 1H, H7), 
7.34 (s, 1H, H10), 7.16–7.15 (m, 1H, H5), 3.99 (t, J = 6.5 Hz, 2H, H3), 3.80 (s, 2H, H8), 
1.84 (sextet, J = 7.1 Hz, 2H, H2), 1.05 (t, J = 7.4 Hz, 3H, H1); 
13C NMR (100.6 MHz, 
CDCl3): ! = 191.5 (CH, C12), 160.4 (quat. C, C4), 138.5 (quat. C, C11), 132.4 (quat. C, 
C6), 122.1 (CH, C7), 121.1 (CH, C5), 117.3 (quat. C, C9), 113.2 (CH, C10), 70.2 (CH2, 
C3), 23.6 (CH2, C8), 22.5 (CH2, C2), 10.6 (CH3, C1); MS (ES–): m/z (%) = 202 ([M–H]
–, 
100); HRMS (ES–): m/z calc. for [M–H]– C12H12NO2 202.0868, found 202.0870. 
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 (3-Formyl-5-propoxyphenyl)acetic acid 222. 
A mixture of 221 (968 mg, 4.76 mmol) and H2SO4 (2 mL) in acetic 
acid (20 mL) and water (6 mL) was heated to reflux for 22 h. The 
reaction mixture was then poured into ice and extracted with 
EtOAc. The organic layer was washed with saturated NaCl 
solution, dried (MgSO4) and concentrated by evaporation under 
reduced pressure. The residue was purified by column chromatography (SiO2, 
gradient from 100:0 to 98:2 CH2Cl2:MeOH) to give 222 (819 mg, 77%) as an orange 
solid. 1H NMR (300.1 MHz, CDCl3): ! = 9.94 (s, 1H, H12), 7.37 (s, 1H, H7), 7.31–7.30 
(m, 1H, H10), 7.11 (t, J = 1.8 Hz, 1H, H5), 3.97 (t, J = 6.5 Hz, 2H, H3), 3.70 (s, 2H, H8), 
1.82 (sextet, J = 7.1 Hz, 2H, H2), 1.04 (t, J = 7.4 Hz, 3H, H1); 
13C NMR (100.6 MHz, 
CDCl3): ! = 192.2 (CH, C12), 176.9 (quat. C, C9), 160.0 (quat. C, C4), 138.0 (quat. C, 
C11), 135.7 (quat. C, C6), 124.3 (CH, C7), 123.0 (CH, C5), 112.2 (CH, C10), 70.0 (CH2, 
C3), 40.7 (CH2, C8), 22.6 (CH2, C2), 10.6 (CH3, C1); MS (CI+): m/z (%) = 177 (25), 223 
([M+H]+, 100); HRMS (CI+): m/z calc. for [M+H]+ C12H15O4 223.0970, found 
223.0970. 
 
N-(4-aminophenyl)-4-hexylbenzamide 226. 
A solution of 4-hexylbenzoyl chloride (1.0 mL, 4.6 
mmol) in dry CH2Cl2 (30 mL) was added dropwise 
(over 3.5 h) to a solution of 1,4-phenylenediamine 
(1.54 g, 14.2 mmol) in dry CH2Cl2 (50 mL), under a 
N2 atmosphere. The reaction mixture was stirred at ambient temperature for a 
further 17 h, and then diluted with CH2Cl2. The organic layer was washed 
successively with saturated NaHCO3 solution and saturated NaCl solution, dried 
(MgSO4) and concentrated by evaporation under reduced pressure. The residue 
was purified by column chromatography (SiO2, gradient from 100:0 to 98:2 
CH2Cl2/MeOH) to give 226 (1.36 g, 100%) as a pale yellow solid. 
1H NMR (400.1 
MHz, CDCl3): ! = 7.75 (d, AA' of AA'BB' system, J = 8.0 Hz, 2H, H9), 7.72 (s, 1H, 
H12), 7.38 (d, AA' of AA'BB' system, J = 8.5 Hz, 2H, H14), 7.25 (d, BB' of AA'BB' 
system, J = 8.0 Hz, 2H, H8), 6.68 (d, BB' of AA'BB' system, J = 8.6 Hz, 2H, H15), 3.63 
(br s, 2H, H17), 2.65 (t, J = 7.7 Hz, 2H, H6), 1.66–1.58 (m, 2H, H5), 1.36–1.26 (m, 6H, 
H2+H3+H4), 0.88 (t, J = 6.7 Hz, 3H, H1); 
13C NMR (100.6 MHz, CDCl3): ! = 165.7 
(quat. C, C11), 147.1 (quat. C, C7), 143.5 (quat. C, C16), 132.6 (quat. C, C10), 129.5 
(quat. C, C13), 128.8 (CH, C8), 127.1 (CH, C9), 122.4 (CH, C14), 115.6 (CH, C15), 36.0 
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(CH2, C6), 31.8 (CH2, C3), 31.3 (CH2, C5), 29.0 (CH2, C4), 22.7 (CH2, C2), 14.2 (CH3, C1); 
MS (ES+): m/z (%) = 319 ([M+Na]+, 100); HRMS (ES+): m/z calc. for [M+Na]+ 
C19H24N2ONa 319.1786, found 319.1785. 
 
N-(4-(2,5-Dioxo-2,5-dihydro-1H-pyrrol-1-yl)phenyl)-4-hexylbenzamide 227. 
Maleic anhydride (447 mg, 4.56 mmol) was 
added to a solution of 226 (1.35 g, 4.55 mmol) in 
acetic acid (60 mL). The reaction mixture was 
stirred at ambient temperature under a N2 atmosphere for 5.5 h, and then heated to 
reflux for 15 h. The solvent was removed by evaporation under reduced pressure, 
affording 227 (1.71 g, 100%) as a yellow solid. 1H NMR (400.1 MHz, CDCl3): ! = 
7.91 (s, 1H, H12), 7.81–7.77 (m, AA' of AA'BB' system, 2H, H9), 7.77–7.74 (m, AA' of 
AA'BB' system, 2H, H14), 7.36–7.32 (m, BB' of AA'BB' system, 2H, H15), 7.31–7.28 (m, 
BB' of AA'BB' system, 2H, H8), 6.85 (s, 2H, H18), 2.67 (t, J = 7.7 Hz, 2H, H6), 1.67–1.60 
(m, 2H, H5), 1.37–1.28 (m, 6H, H2+H3+H4), 0.90–0.87 (m, 3H, H1); 
13C NMR (100.6 
MHz, CDCl3): ! = 169.7 (quat. C, C17), 165.8 (quat. C, C11), 147.8 (quat. C, C7), 137.9 
(quat. C, C13), 134.3 (CH, C18), 132.1 (quat. C, C10), 129.0 (CH, C8), 127.2 (CH, C9), 
127.2 (quat. C, C16), 126.9 (CH, C15), 120.6 (CH, C14), 36.0 (CH2, C6), 31.8 (CH2, C3), 
31.3 (CH2, C5), 29.0 (CH2, C4), 22.7 (CH2, C2), 14.2 (CH3, C1); MS (ES+): m/z (%) = 377 
([M+H]+, 100); HRMS (ES+): m/z calc. for [M+Na]+ C23H24N2O3Na 399.1685, found 
399.1680. 
 
3,5-Dimethylbenzoyl fluoride 235. 
Cyanuric fluoride (0.85 mL, 10.1 mmol) was added dropwise to a 
solution of 3,5-dimethylbenzoic acid (1.52 g, 10.1 mmol) and dry 
pyridine (0.82 mL, 10.1 mmol) in dry CH2Cl2 (40 mL) at 0 °C under a N2 
atmosphere. The reaction mixture was stirred at 0 °C for 20 min and then at 
ambient temperature for a further hour. The reaction mixture was diluted with 
CH2Cl2. The organic layer was washed with saturated NaCl solution, dried 
(MgSO4) and the solvent was removed by evaporation under reduced pressure to 
afford 235 (1.53 g, 100%) as a yellow solid. 1H NMR (400.1 MHz, CDCl3): ! = 7.66 (s, 
2H, H4), 7.32 (s, 1H, H1), 2.39 (s, 6H, H3);
 19F NMR (376.5 MHz, CDCl3): ! = +17.9. 
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N-(4-aminophenyl)-3,5-dimethylbenzamide 236. 
A solution of 235 (1.52 g, 10.0 mmol) in dry CH2Cl2 (40 mL) 
was added dropwise (over 4 h) to a solution of 1,4-
phenylenediamine (3.26 g, 30.1 mmol) in dry CH2Cl2 (60 
mL), under a N2 atmosphere. The reaction mixture was stirred at ambient 
temperature overnight, and then diluted with CH2Cl2. The organic layer was 
washed successively with saturated NaHCO3 solution and saturated NaCl solution, 
dried (MgSO4) and concentrated by evaporation under reduced pressure. The 
residue was purified by column chromatography (SiO2, gradient from 100:0 to 95:5 
CH2Cl2/MeOH) to give 236 (1.92 g, 80%) as a yellow solid. 
1H NMR (400.1 MHz, 
CDCl3): ! = 7.73 (s, 1H, H7), 7.44 (s, 2H, H4), 7.39 (d, AA' of AA'BB' system, J = 8.6 
Hz, 2H, H9), 7.14 (s, 1H, H1), 6.69–6.65 (m, BB' of AA'BB' system, 2H, H10), 3.62 (br s, 
2H, H12), 2.36 (s, 6H, H3);
 13C NMR (100.6 MHz, CDCl3): ! = 166.1 (quat. C, C6), 143.5 
(quat. C, C11), 138.5 (quat. C, C2), 135.3 (quat. C, C5), 133.2 (CH, C1), 129.5 (quat. C, 
C8), 124.8 (CH, C4), 122.4 (CH, C9), 115.6 (CH, C10), 21.4 (CH3, C3); MS (ES+): m/z (%) 
= 263 ([M+Na]+, 100); HRMS (ES+): m/z calc. for [M+H]+ C15H17N2O 241.1341, found 
241.1347. 
 
N-[4-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)phenyl]-3,5-dimethylbenzamide 237. 
Maleic anhydride (388 mg, 3.96 mmol) was added to a 
solution of 236 (0.95 g, 3.95 mmol) in acetic acid (70 mL). 
The reaction mixture was stirred at ambient temperature 
under a N2 atmosphere for 6 h, and then heated to reflux 
for 16 h. The solvent was removed by evaporation under reduced pressure. The 
residue was purified by column chromatography (SiO2, gradient from 100:0 to 98:2 
CHCl3/MeOH) to give 237 (0.84 g, 66%) as a yellow solid. 
1H NMR (300.1 MHz, 
CDCl3): ! = 7.86 (s, 1H, H7), 7.79–7.74 (m, AA' of AA'BB' system, 2H, H9 or H10), 7.47 
(s, 2H, H4), 7.37–7.32 (m, BB' of AA'BB' system, 2H, H9 or H10), 7.19 (s, 1H, H1), 6.85 
(s, 2H, H13), 2.39 (d, J = 0.5 Hz, 6H, H3);
 13C NMR (75.5 MHz, CDCl3): ! = 169.7 
(quat. C, C12), 166.2 (quat. C, C6), 138.8 (quat. C, C2), 137.9 (quat. C, C8 or C11), 134.8 
(quat. C, C5), 134.4 (CH, C13), 133.8 (CH, C1), 127.2 (quat. C, C8 or C11), 126.9 (CH, C9 
or C10), 124.9 (CH, C4), 120.6 (CH, C9 or C10), 21.4 (CH3, C3); MS (ES+): m/z (%) = 321 
([M+H]+, 100), 375 (70); HRMS (ES+): m/z calc. for [M+H]+ C19H17N2O3 321.1239, 
found 321.1237. 
 
NH
O
H2N
1
2
3
4
5
678
910
11
12
NH
O
N
1
2
3
4
5
678
910
11
12
O
O
13
7. Experimental 228 
 
3,5-Dimethylbenzoyl chloride 238. 
Thionyl chloride (8 mL, 109.7 mmol) was added to a solution of 3,5-
dimethylbenzoic acid (2.09 g, 13.9 mmol) in CHCl3 (40 mL). The 
reaction mixture was heated to reflux for 19 h, and then concentrated 
by evaporation under reduced pressure. The residue was dissolved in toluene and 
the solvent removed by evaporation under reduced pressure. This process 
(dissolution in toluene and evaporation) was repeated twice, affording 238 as a 
yellow-brownish oil. This product was used in the next step without purification. 
 
N-(4-aminobenzyl)-3,5-dimethylbenzamide  239. 
Thionyl chloride (4.3 mL, 59.0 mmol) was added to a solution 
of 3,5-dimethylbenzoic acid (1.10 g, 7.3 mmol) in CHCl3 (15 
mL). The reaction mixture was heated to reflux for 27 h, and 
then concentrated by evaporation under reduced pressure. The 
residue was dissolved in toluene and the mixture was 
concentrated by evaporation under reduced pressure. This operation was executed 
twice. The 3,5-dimethylbenzoyl chloride 238 obtained was used in the next step 
without further purification. 238 was dissolved in dry CH2Cl2 (15 mL) and added 
dropwise over 45 min to a solution of 4-aminobenzylamine (0.83 mL, 7.3 mmol) 
and Et3N (3 mL) in dry CH2Cl2 (15 mL) at 0 °C under a N2 atmosphere. The reaction 
mixture was stirred at ambient temperature for 3 h, and then diluted with CH2Cl2. 
The organic phase was washed successively with saturated NaHCO3 solution and 
saturated NaCl solution, dried (MgSO4) and concentrated by evaporation under 
reduced pressure. The residue was purified by column chromatography (SiO2, 
gradient from 100:0 to 97:3 CH2Cl2/MeOH), affording 239 (1.58 g, 85% over 2 steps) 
as an orange solid. 1H NMR (400.1 MHz, CDCl3): ! = 7.37–7.36 (m, 2H, H4), 7.16–
7.13 (m, AA' of AA'BB' system, 2H, H10), 7.11–7.10 (m, 1H, H1), 6.68–6.65 (m, BB' of 
AA'BB' system, 2H, H11), 6.26 (br s, 1H, H7), 4.50 (d, J = 5.4 Hz, 2H, H8), 3.69 (br s, 
2H, H13), 2.33 (d, J = 0.6 Hz, 6H, H3);
 13C NMR (100.6 MHz, CDCl3): ! = 167.7 (quat. 
C, C6), 146.1 (quat. C, C12), 138.3 (quat. C, C2), 134.7 (quat. C, C5), 133.1 (CH, C1), 
129.5 (CH, C10), 128.1 (quat. C, C9), 124.8 (CH, C4), 115.4 (CH, C11), 43.9 (CH2, C8), 
21.3 (CH3, C3); MS (CI+): m/z (%) = 106 (100), 254 (M
+, 65), 255 (55); HRMS (CI+): 
m/z calc. for [M+H]+ C16H19N2O 255.1497, found 255.1503. 
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N-[4-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)benzyl]-3,5-dimethylbenzamide 240. 
Maleic anhydride (299 mg, 3.0 mmol) was added to a 
solution of 239 (767 mg, 3.0 mmol) in acetic acid (30 mL). The 
reaction mixture was stirred at ambient temperature under a 
N2 atmosphere for 8 h, and then heated to reflux for 15 h. 
The solvent was removed by evaporation under reduced 
pressure. The residue was purified by column chromatography (SiO2, 
CHCl3/MeOH 99.8:0.2) to give 240 (583 mg, 58%) as a white solid. 
1H NMR (400.1 
MHz, CDCl3): ! = 7.48–7.45 (m, AA' of AA'BB' system, 2H, H10), 7.39 (s, 2H, H4), 
7.35–7.32 (m, BB' of AA'BB' system, 2H, H11), 7.14–7.13 (m, 1H, H1), 6.86 (s, 2H, H14), 
6.37 (br s, 1H, H7), 4.67 (d, J = 5.7 Hz, 2H, H8), 2.35 (d, J = 0.6 Hz, 6H, H3);
 13C NMR 
(100.6 MHz, CDCl3): ! = 169.5 (quat. C, C13), 167.7 (quat. C, C6), 138.4 (quat. C, C2), 
138.3 (quat. C, C9), 134.3 (CH, C14), 134.2 (quat. C, C5), 133.3 (CH, C1), 130.6 (quat. C, 
C12), 128.9 (CH, C10), 126.4 (CH, C11), 124.7 (CH, C4), 43.7 (CH2, C8), 21.3 (CH3, C3); 
MS (ES+): m/z (%) = 357 ([M+Na]+, 100), 389 (5), 691 (5); HRMS (ES+): m/z calc. for 
[M+Na]+ C20H18N2O3Na 357.1215, found 357.1209. 
 
 N-{4-[2-(4-aminophenyl)ethyl]phenyl}-3,5-dimethylbenzamide 241. 
238 was dissolved in dry CH2Cl2 (20 mL) and 
added dropwise over 3 h to a solution of 4,4'-
ethylenedianiline (1.05 g, 4.9 mmol) and Et3N (1 
mL, 7.2 mmol) in dry CH2Cl2 (20 mL) at ambient temperature under a N2 
atmosphere. The reaction mixture was stirred at ambient temperature for 16 h, and 
then diluted with CH2Cl2. The organic phase was washed successively with 
saturated NaHCO3 solution and saturated NaCl solution, dried (MgSO4) and 
concentrated by evaporation under reduced pressure. The residue was purified by 
column chromatography (SiO2, CH2Cl2), affording 241 as a white solid. Only a 
partial fraction (295 mg) of 241 was isolated pure, as a result of difficulty of the 
separation. 1H NMR (300.1 MHz, CDCl3): ! = 7.72 (s, 1H, NH), 7.56–7.51 (m, AA' of 
AA'BB' system, 2H, Ar CH), 7.46 (s, 2H, Ar CH), 7.18–7.14 (m, 3H, 2 ! Ar CH), 6.99–
6.94 (m, AA' of AA'BB' system, 2H, Ar CH), 6.65–6.60 (m, BB' of AA'BB' system, 2H, 
Ar CH), 3.62 (br s, 2H, NH2), 2.89–2.75 (m, 4H, 2 ! CH2), 2.39 (d, J = 0.6 Hz, 6H, 
CH3);
 13C NMR (100.6 MHz, CDCl3): ! = 166.1 (quat. C), 144.4 (quat. C), 138.7 (quat. 
C), 138.4 (quat. C), 136.0 (quat. C), 135.3 (quat. C), 133.5 (CH), 131.9 (quat. C), 129.4 
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(CH), 129.2 (CH), 124.7 (CH), 120.2 (CH), 115.4 (CH), 37.9 (CH2), 37.3 (CH2), 21.4 
(CH3); MS (ES+): m/z (%) = 367 ([M+Na]
+, 100); HRMS (ES+): m/z calc. for [M+Na]+ 
C23H24N2ONa 367.1786, found 367.1787. 
 
N-(4-(4-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)phenethyl)phenyl)-3,5-dimethyl-
benzamide 242. 
Maleic anhydride (51 mg, 0.52 mmol) was 
added to a solution of 241 (180 mg, 0.52 mmol) 
in acetic acid (15 mL). The reaction mixture was 
stirred at ambient temperature under a N2 atmosphere for 8 h, and then heated at 
125 °C for 14 h. The solvent was removed by evaporation under reduced pressure. 
The residue was purified by column chromatography (SiO2, CHCl3/MeOH 
99.8:0.2) to give 242 (104 mg, 47%) as a yellow solid. 1H NMR (400.1 MHz, CDCl3): ! 
= 7.81 (s, 1H, H7), 7.57–7.54 (m, AA' of AA'BB' system, 2H, H9), 7.46 (s, 2H, H4), 
7.29–7.27 (m, AA' of AA'BB' system, 2H, H15), 7.25–7.22 (m, BB' of AA'BB' system, 
2H, H16), 7.19–7.17 (m, 3H, H10+H1), 6.84 (s, 2H, H19), 2.97–2.89 (m, 4H, H12+H13), 
2.38 (s, 6H, H2);
 13C NMR (100.6 MHz, CDCl3): ! = 169.8 (quat. C, C18), 166.1 (quat. 
C, C6), 141.8 (quat. C, C14), 138.6 (quat. C, C3), 137.7 (quat. C, C11), 136.2 (quat. C, C8), 
135.2 (quat. C, C5), 134.3 (CH, C19), 133.5 (CH, C1), 129.4 (CH, C15), 129.2 (quat. C, 
C17), 129.1 (CH, C10), 126.1 (CH, C16), 124.9 (CH, C4), 120.4 (CH, C9), 37.7 (CH2, C13), 
37.3 (CH2, C12), 21.4 (CH3, C2); MS (ES+): m/z (%) = 447 ([M+Na]
+, 75), 479 (100); 
HRMS (ES+): m/z calc. for [M+Na]+ C27H24N2O3Na 447.1685, found 447.1674. 
 
3,5-Dimethyl-N-phenylbenzamide139 244. 
A mixture of 238 (0.71 g), aniline (0.50 mL, 5.5 mmol) and Et3N 
(1.8 mL, 12.9 mmol) in dry CH2Cl2 (20 mL) was stirred at ambient 
temperature under a N2 atmosphere for 26 h. The reaction mixture 
was then diluted with CH2Cl2, washed successively with 1 M HCl and saturated 
NaCl solution, dried (MgSO4) and concentrated by evaporation under reduced 
pressure, affording 244 (856 mg, 90% over 2 steps) as an orange solid. 1H NMR 
(400.1 MHz, CDCl3): ! = 7.85 (s, 1H, NH), 7.66–7.63 (m, 2H, Ar CH), 7.47–7.46 (m, 
2H, Ar CH), 7.39–7.34 (m, 2H, Ar CH), 7.17–7.12 (m, 2H, Ar CH), 2.38 (dd, J = 1.3, 
0.6 Hz, 6H, CH3);
 13C NMR (100.6 MHz, CDCl3): ! = 166.2 (quat. C), 138.6 (quat. C), 
138.2 (quat. C), 135.1 (quat. C), 133.6 (CH), 129.2 (CH), 124.9 (CH), 124.5 (CH), 120.3 
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(CH), 21.4 (CH3); MS (ES+): m/z (%) = 248 ([M+Na]
+, 100); HRMS (ES+): m/z calc. for 
[M+Na]+ C15H15NONa 248.1051, found 248.1059. 
 
N-Benzyl-3,5-dimethylbenzamide140 246. 
A mixture of 238 (0.58 g), benzylamine (0.45 mL, 4.1 mmol) and 
Et3N (1.4 mL, 10.0 mmol) in dry CH2Cl2 (15 mL) was stirred at 
ambient temperature under a N2 atmosphere for 20 h. The 
reaction mixture was then diluted with CH2Cl2, washed 
successively with 1 M HCl, saturated NaHCO3 solution and saturated NaCl 
solution, dried (MgSO4) and concentrated by evaporation under reduced pressure, 
affording 246 (719 mg, 88% over 2 steps) as a white solid. 1H NMR (400.1 MHz, 
CDCl3): ! = 7.40 (s, 2H, Ar CH), 7.36–7.35 (m, 4H, Ar CH), 7.33–7.27 (m, 1H, Ar 
CH), 7.13 (s, 1H, Ar CH), 6.44 (br s, 1H, NH), 4.63 (d, J = 5.7 Hz, 2H, CH2), 2.34 (s, 
6H, CH3);
 13C NMR (100.6 MHz, CDCl3): ! = 167.8 (quat. C), 138.4 (2 ! quat. C), 
134.5 (quat. C), 133.2 (CH), 128.9 (CH), 128.1 (CH), 127.7 (CH), 124.8 (CH), 44.2 
(CH2), 21.4 (CH3); MS (ES+): m/z (%) = 262 ([M+Na]
+, 100); HRMS (ES+): m/z calc. 
for [M+Na]+ C16H17NONa 262.1208, found 262.1210. 
 
3,5-Dimethyl-N-(2-phenylethyl)benzamide 248. 
A mixture of 238 (0.56 g), 2-phenylethylamine (0.50 mL, 4.0 
mmol) and Et3N (1.4 mL, 10.0 mmol) in dry CH2Cl2 was stirred 
at ambient temperature under a N2 atmosphere for 23 h. The 
reaction mixture was then diluted with CH2Cl2, washed 
successively with 1 M HCl, saturated NaHCO3 solution and saturated NaCl 
solution, dried (MgSO4) and concentrated by evaporation under reduced pressure, 
affording 248 (509 mg, 61% over 2 steps) as a yellow solid. 1H NMR (400.1 MHz, 
CDCl3): ! = 7.36–7.23 (m, 7H, Ar CH), 7.11–7.10 (m, 1H, Ar CH), 6.12 (br s, 1H, NH), 
3.70 (td, J = 6.9, 6.0 Hz, 2H, CH2), 2.93 (t, J = 6.9 Hz, 2H, CH2), 2.33 (d, J = 0.6 Hz, 
6H, CH3);
 13C NMR (100.6 MHz, CDCl3): ! = 168.0 (quat. C), 139.1 (quat. C), 138.4 
(quat. C), 134.8 (quat. C), 133.1 (CH), 129.0 (CH), 128.8 (CH), 126.7 (CH), 124.7 
(CH), 41.2 (CH2), 35.9 (CH2), 21.4 (CH3); MS (CI+): m/z (%) = 254 ([M+H]
+, 100); 
HRMS (CI+): m/z calc. for [M+H]+ C17H20NO 254.1545, found 254.1540. 
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N-(4-tert-butylphenyl)-N-[(1Z)-(4-tert-butylphenyl)methylene]amine oxide 250. 
BiCl3 (224 mg, 0.71 mmol) was added to a solution of 1-tert-
butyl-4-nitrobenzene (0.6 mL, 3.54 mmol) in EtOH (18 mL) 
and water (6 mL). KBH4 (383 mg, 7.10 mmol) was then 
added gradually over 3 min under a N2 atmosphere. After 
the addition was complete, the reaction mixture was stirred at ambient 
temperature for a further 13 min under a N2 atmosphere. Then the mixture was 
acidified to pH 7 with 0.5 M HCl under a N2 atmosphere and extracted 
immediately with Et2O (2 !). The organic layers were combined, washed with 
saturated NaCl solution, dried (Na2SO4) and concentrated by evaporation under 
reduced pressure. The 4-tert-butyl-N-hydroxyaniline 139 obtained was dissolved 
immediately in EtOH (10 mL) and 4-tert-butylbenzaldehyde (0.6 mL, 3.59 mmol) 
was added. The reaction mixture was stirred at ambient temperature in the absence 
of light for 23 h. The solvent was removed by evaporation under reduced pressure. 
The residue was purified by column chromatography (SiO2, gradient from 
99.5:0:0.5 to 94.5:5.0:0.5 cyclohexane/EtOAc/Et3N) to give 250 (767 mg, 70% over 2 
steps) as a pale yellow solid. 1H NMR (300.1 MHz, CDCl3): ! = 8.35–8.30 (m, AA’ of 
AA’BB’ system, 2H, Ar CH), 7.88 (s, 1H, CH), 7.72–7.67 (m, AA’ of AA’BB’ system, 
2H, Ar CH), 7.52–7.46 (m, BB’ of AA’BB’ system, 4H, Ar CH), 1.35 (s, 18H, CH3);
 13C 
NMR (75.5 MHz, CDCl3): ! = 154.5 (quat. C), 153.3 (quat. C), 146.8 (quat. C), 134.2 
(CH), 129.1 (CH), 128.3 (quat. C), 126.1 (CH), 125.7 (CH), 121.4 (CH), 35.2 (quat. C), 
35.0 (quat. C), 31.4 (CH3), 31.3 (CH3); MS (ES+): m/z (%) = 332 ([M+Na]
+, 95), 641 
(100); HRMS (ES+): m/z calc. for [M+Na]+ C21H27NONa 332.1990, found 332.1994. 
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Maleimide 256. 
Maleic anhydride (98 mg, 0.999 
mmol) was added to a solution of 
257 (0.832 mmol) in acetic acid (10 
mL). The reaction mixture was 
stirred at ambient temperature for 6 
h, and then heated at 125 ºC for 16 h. 
The solvent was removed by 
evaporation under reduced pressure. 
The residue was purified by column 
chromatography (SiO2, gradient from 
100:0 to 99.5:0.5 CHCl3/MeOH) to 
give 256 (528 mg, 79%) as a yellow 
solid. 1H NMR (400.1 MHz, CDCl3): ! = 8.46 (s, 1H, H17), 8.03 (s, 1H, H15), 7.97 (d, J = 
1.5 Hz, 2H, H27+H28), 7.95–7.92 (m, AA’ of AA’BB’ system, 2H, H20), 7.87 (s, 1H, 
H31), 7.85 (t, J = 1.5 Hz, 1H, H26), 7.66–7.64 (m, BB’ of AA’BB’ system, 2H, H21), 7.60–
7.57 (m, AA’ of AA’BB’ system, 2H, H33), 7.51–7.47 (m, AA’ of AA’BB’ system, 2H, 
H5), 7.42–7.39 (m, BB’ of AA’BB’ system, 2H, H4), 7.29–7.24 (m, AA’BB’ system, 4H, 
H39+H40), 7.22–7.19 (m, BB’ of AA’BB’ system, 2H, H34), 6.85 (s, 2H, H43), 6.79 (s, 1H, 
H12), 2.97–2.93 (m, 4H, H36+H37), 2.44 (s, 3H, H10), 2.36 (s, 3H, H14), 1.34 (s, 9H, H1); 
13C NMR (75.5 MHz, CDCl3): ! = 169.8 (quat. C, C42), 164.9 (quat. C, C18), 164.4 
(quat. C, C30), 156.6 (quat. C, C11), 152.3 (quat. C, C3), 150.7 (quat. C, C16), 150.3 
(quat. C, C13), 141.7 (quat. C, C38), 138.0 (quat. C, C35), 137.1 (CH, C26), 136.0 (quat. 
C), 135.9 (quat. C, C32), 134.3 (CH, C43), 134.1 (quat. C, C19), 132.1 (CH, C21), 131.6 
(CH, C5), 130.2 (CH, C27 or C28), 129.7 (CH, C27 or C28), 129.3 (CH, C39), 129.2 (CH, 
C34), 129.1 (quat. C, C41), 127.4 (CH, C20), 126.6 (quat. C, C22), 126.1 (CH, C40), 125.6 
(CH, C4), 124.8 (quat. C), 123.8 (quat. C), 121.0 (CH, C12), 120.6 (CH, C33), 119.6 
(quat. C, C6), 111.8 (CH, C15), 91.7 (quat. C, C7), 90.6 (quat. C, C8 or C24), 90.1 (quat. 
C, C23), 87.1 (quat. C, C8 or C24), 37.6 (CH2, C37), 37.3 (CH2, C36), 35.0 (quat. C, C2), 
31.3 (CH3, C1), 23.9 (CH3, C10), 21.4 (CH3, C14); MS (ES+): m/z (%) = 823 ([M+Na]
+, 
100); HRMS (ES+): m/z calc. for [M+H]+ C53H45N4O4 801.3441, found 801.3429. 
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Amine 257. 
A solution of acid fluoride 213 (0.909 g, 
1.72 mmol) in dry CH2Cl2 (20 mL) was 
added dropwise over 50 min under a N2 
atmosphere to a solution of 4,4’-
ethylenedianiline (1.108 g, 5.22 mmol) 
in dry CH2Cl2 (20 mL). The reaction 
mixture was stirred at ambient 
temperature overnight, and then 
diluted with CH2Cl2. The mixture was 
washed successively with saturated 
NaHCO3 solution and saturated NaCl 
solution, dried (MgSO4) and concentrated by evaporation under reduced pressure. 
The residue was purified by column chromatography (SiO2, gradient from 100:0 to 
99:1 CH2Cl2/MeOH) to give the amine 257 (64% NMR yield). The product, 
contaminated with traces of 4,4’-ethylenedianiline, was used in the next step 
without further purification. 
 
Rotaxane 259 and Thread 258. 
A mixture of macrocycle 124 (208 mg, 0.41 mmol) and maleimide 256 (329 mg, 0.41 
mmol) in CHCl3 (9.0 mL) was stirred at ambient temperature for 1 h under a N2 
atmosphere. Nitrone 201 (151 mg, 0.41 mmol) was then added to the reaction 
mixture. The reaction mixture was stirred at ambient temperature under a N2 
atmosphere in the absence of light for 6 days. The solvent was removed by 
evaporation under reduced pressure. The residue was purified by careful column 
chromatography (SiO2, gradient cyclohexane/EtOAc), which enabled the isolation 
of the different products in the following proportions: rotaxane 259 (317 mg, 46%, 
trans/cis 18:1) as a white solid and thread 258 (218 mg, 45%, trans/cis 35:1) as a 
white solid. 
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Representative 
data for 
rotaxane (trans-
259): 1H NMR 
(499.9 MHz, 
CDCl3): ! = 
10.39 (br s, 1H, 
H17), 9.46 (t, J = 
5.9 Hz, 1H, 
H75), 9.42 (t, J = 
5.7 Hz, 1H, 
H75'), 9.18 (s, 
1H, H31), 8.48 (dd, J = 7.8, 1.0 Hz, 1H, H78), 8.44 (dd, J = 7.9, 1.1 Hz, 1H, H78'), 8.16 (s, 
1H, H15), 8.02 (d, AA' of AA'BB' system, J = 8.4 Hz, 2H, H20), 7.94 (t, J = 7.8 Hz, 1H, 
H79), 7.71 (t, J = 7.7 Hz, 1H, H65), 7.61 (s, 1H, H27 or H28), 7.55 (s, 1H, H26), 7.49 (s, 1H, 
H27 or H28), 7.40 (d, BB' of AA'BB' system, J = 8.4 Hz, 2H, H21), 7.40 (d, AA' of 
AA'BB' system, J = 8.6 Hz, 2H, H4), 7.35 (d, BB' of AA'BB' system, J = 8.5 Hz,  2H, 
H5), 7.32 (d, J = 8.0 Hz, 2H, H66), 7.30 (d, AA' of AA'BB' system, J = 8.6 Hz, 2H, H33), 
7.18 (d, AA' of AA'BB' system, J = 8.9 Hz, 2H, H49), 7.14 (s, 1H, H54), 7.08 (d, BB' of 
AA'BB' system, J = 8.9 Hz, 2H, H48), 7.07 (s, 1H, H60), 6.98 (s, 1H, H59), 6.95 (d, AA' 
of AA'BB' system, J = 8.3 Hz, 2H, H39), 6.82 (s, 1H, H12), 6.80–6.73 (m, 8H, H72+H71), 
6.61 (d, BB' of AA'BB' system, J = 8.5 Hz, 2H, H34), 6.36 (d, BB' of AA'BB' system, J = 
8.3 Hz, 2H, H40), 5.74 (s, 1H, H46), 5.07 (d, J = 7.6 Hz, 1H, H44), 4.64–4.48 (m, 4H, H74), 
4.46–4.34 (m, 4H, H69), 4.34–4.16 (m, 4H, H68), 3.98 (d, J = 7.6 Hz, 1H, H45), 3.96–3.93 
(m, 2H, H56), 3.68 (s, 2H, H62), 2.89–2.78 (m, 4H, H37+H36), 2.49 (s, 3H, H10), 2.40 (s, 
3H, H14), 1.84–1.77 (m, 2H, H57), 1.36 (s, 9H, H1), 1.22 (s, 9H, H52), 1.03 (t, J = 7.4 Hz, 
3H, H58);
 13C NMR (100.6 MHz, CDCl3): ! = 176.1 (quat. C, C63), 174.2 (quat. C, C43), 
172.9 (quat. C, C42), 166.0 (quat. C, C18), 164.2 (quat. C, C76), 164.2 (quat. C, C76'), 
164.0 (quat. C, C30), 160.1 (quat. C, C55), 157.3 (quat. C, C67), 157.2 (quat. C, C67'), 
155.5 (quat. C, C11), 152.2 (quat. C, C3), 152.1 (quat. C, C13), 151.2 (quat. C, C16), 149.3 
(quat. C, C77), 146.8 (quat. C, C47), 145.9 (quat. C, C50), 142.5 (quat. C, C38), 141.3 
(quat. C, C53), 138.8 (CH, C79), 137.7 (quat. C, C73), 137.7 (CH, C65), 137.5 (quat. C, 
C73'), 136.8 (quat. C, C32), 136.6 (quat. C, C61), 136.0 (quat. C, C35), 135.7 (CH, C26), 
135.6 (quat. C, C70), 135.5 (quat. C, C70'), 134.6 (quat. C), 133.8 (quat. C, C19), 131.9 
(CH, C21), 131.6 (CH, C27 or C28), 131.6 (CH, C5), 131.6 (CH, C27 or C28), 129.5 (CH, 
C39), 129.1 (CH, C71), 129.0 (CH, C71'), 128.9 (quat. C, C41), 128.4 (CH, C34), 128.3 (CH, 
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C72), 128.1 (2 ! CH, C20+C72'), 126.7 (quat. C, C22), 126.3 (CH, C49), 126.1 (CH, C40), 
125.5 (CH, C4), 125.4 (CH, C78), 123.3 (quat. C), 122.1 (quat. C), 121.7 (CH, C66), 121.3 
(CH, C12), 119.8 (2 ! CH, C33+C60), 119.7 (quat. C, C6), 115.0 (CH, C59), 114.1 (CH, 
C48), 113.5 (CH, C15), 111.1 (CH, C54), 90.6 (quat. C, C7), 90.1 (quat. C, C8 or C24), 89.2 
(quat. C, C23), 87.0 (quat. C, C8 or C24), 77.8 (CH, C44), 73.0 (CH2, C69), 72.8 (CH2, 
C69'), 71.3 (CH2, C68), 71.0 (CH2, C68'), 70.1 (CH, C46), 69.8 (CH2, C56), 57.8 (CH, C45), 
43.7 (CH2, C74), 43.5 (CH2, C74'), 42.5 (CH2, C62), 37.6 (CH2, C37), 37.0 (CH2, C36), 35.0 
(quat. C, C2), 34.2 (quat. C, C51), 31.5 (CH3, C52), 31.3 (CH3, C1), 22.7 (CH2, C57), 22.4 
(CH3, C10), 21.7 (CH3, C14), 10.7 (CH3, C58); HRMS (MALDI): m/z calc. for [M+H]
+ 
C105H100N9O12 1678.7491, found 1678.7057. 
 
Representative data for 
thread (trans-258): 1H 
NMR (400.1 MHz, 
CDCl3): ! = 10.96 (br s, 
1H, NH), 8.80 (s, 1H, 
NH), 8.34 (s, 1H, H27 or 
H28), 8.28 (s, 1H, H27 or 
H28), 8.19 (s, 1H, H15), 
7.88–7.86 (m, 3H, 
H26+H20), 7.51–7.48 (m, 
4H, H5+H33), 7.42–7.39 
(m, BB' of AA'BB' 
system, 2H, H4), 7.30 (d, BB' of AA'BB' system, J = 8.4 Hz, 2H, H21), 7.22 (s, 1H, H54), 
7.08–6.97 (m, 7H, H60+H49+H39+H48), 6.91–6.89 (m, 3H, H34+H59), 6.82 (s, 1H, H12), 
6.25 (d, BB' of AA'BB' system, J = 8.4 Hz, 2H, H40), 5.85 (s, 1H, H46), 5.29 (d, J = 7.6 
Hz, 1H, H44), 4.03–3.92 (m, 3H, H45+H56), 3.71 (s, 2H, H62), 2.90–2.80 (m, 4H, 
H36+H37), 2.50 (s, 3H, H10), 2.39 (s, 3H, H14), 1.86–1.78 (m, 2H, H57), 1.34 (s, 9H, H1), 
1.17 (s, 9H, H52), 1.04 (t, J = 7.4 Hz, 3H, H58);
 13C NMR (100.6 MHz, CDCl3): ! = 177.3 
(quat. C, C63), 174.6 (quat. C, C42), 174.5 (quat. C, C43), 165.9 (quat. C, C18), 164.0 
(quat. C, C30), 159.9 (quat. C, C55), 155.1 (quat. C, C11), 152.6 (quat. C, C13), 152.2 
(quat. C, C3), 151.2 (quat. C, C16), 146.6 (quat. C, C47), 146.0 (quat. C, C50), 142.8 
(quat. C, C38), 140.7 (quat. C, C53), 137.3 (CH, C26), 137.0 (quat. C, C61), 136.8 (quat. C, 
C35), 136.6 (quat. C, C32), 135.6 (quat. C), 133.8 (quat. C, C19), 132.3 (CH, C27 or C28) 
131.7 (CH, C5), 131.5 (CH, C21), 129.1 (CH, C39), 128.7 (quat. C, C41), 128.7 (CH, C34), 
NH
O
HN
O
N
N
O
O
O
N
O
OH
O
H
H
1
2
34
5
6
7
8
9
10
11 12
13
14
15
16
17
18
19
20
2122
23
24
25
26
27
28
29
3031
32
3334
35
36
37
38
3940
41
42
43
44
4546
47
4849
50
51
52
53
54
55
56
57
58
60
59
61
62
63
64
7. Experimental 237 
 
128.5 (CH, C20), 128.4 (CH, C27 or C28), 126.5 (CH, C49), 126.3 (CH, C40), 126.2 (quat. 
C, C22), 125.6 (CH, C4), 125.2 (quat. C), 123.4 (quat. C), 121.3 (CH, C12), 120.5 (CH, 
C33), 120.0 (CH, C60), 119.8 (quat. C, C6), 115.9 (CH, C59), 114.0 (CH, C15), 113.8 (CH, 
C48), 110.6 (CH, C54), 91.6 (quat. C, C7), 90.8 (quat. C, C8 or C24), 89.6 (quat. C, C23), 
87.2 (quat. C, C8 or C24), 77.7 (CH, C44), 69.9 (CH2, C56), 69.3 (CH, C46), 58.2 (CH, C45), 
41.6 (CH2, C62), 37.6 (CH2, C37), 37.0 (CH2, C36), 35.0 (quat. C, C2), 34.2 (quat. C, C51), 
31.5 (CH3, C52), 31.3 (CH3, C1), 22.7 (CH2, C57), 22.0 (CH3, C10), 21.7 (CH3, C14), 10.7 
(CH3, C58); MS (ES+): m/z (%) = 1170 ([M+H]
+, 100), 1171 (20); HRMS (MALDI): m/z 
calc. for [M+H]+ C75H72N5O8 1170.5381, found 1170.5251. 
 
3-Methylbenzoyl fluoride  260. 
Cyanuric fluoride (0.25 mL, 2.96 mmol) was added dropwise to a 
solution of m-toluic acid (408 mg, 3.00 mmol) and dry pyridine (0.24 mL, 
2.97 mmol) in dry MeCN (6 mL) at –5 °C under a N2 atmosphere. The 
reaction mixture was stirred at –5 °C for 10 min and then at ambient temperature 
for a further 10 min. The reaction mixture was diluted with CH2Cl2 and washed 
with saturated NaCl solution. The organic phase was dried (MgSO4) and 
concentrated by evaporation under reduced pressure, to afford 260 as a yellow oil. 
The presence fluorine was confirmed by 19F NMR (peak at +18.3 ppm). However 
this compound was used in the next step without further purification. 
 
 N-(4-aminophenyl)-3-methylbenzamide 261. 
A solution of 260 (359 mg) in dry CH2Cl2 (5 mL) was added 
dropwise (over 20 min) to a solution of 1,4-phenylenediamine 
(843 mg, 7.80 mmol) in dry CH2Cl2 (20 mL) under a N2 
atmosphere. The reaction mixture was stirred at ambient temperature overnight, 
and then diluted with CH2Cl2. The organic phase was washed successively with 
water and saturated NaCl solution, and concentrated by evaporation under 
reduced pressure. The residue was purified by column chromatography (SiO2, 
gradient from 7:3 to 1:4 cyclohexane/EtOAc) to give 261 (422 mg, 62% over 2 steps) 
as a yellow solid. 1H NMR (400.1 MHz, CDCl3): ! = 7.67 (s, 1H, NH), 7.63–7.62 (m, 
2H, Ar CH), 7.40 (d, AA’ of AA’BB’ system, J = 8.7 Hz, 2H, Ar CH), 7.36–7.33 (m, 
2H, Ar CH), 6.70 (d, BB’ of AA’BB’ system, J = 8.7 Hz, 2H, Ar CH), 3.63 (br s, 2H, 
NH2), 2.43 (s, 3H, CH3);
 13C NMR (75.5 MHz, CDCl3): ! = 165.9 (quat. C), 143.6 
(quat. C), 138.6 (quat. C), 135.3 (quat. C), 132.3 (CH), 129.4 (quat. C), 128.6 (CH), 
NHH2N
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127.9 (CH), 124.0 (CH), 122.4 (CH), 115.5 (CH), 21.5 (CH3); MS (CI+): m/z (%) = 227 
([M+H]+, 100); HRMS (CI+): m/z calc. for [M+H]+ C14H15N2O 227.1184, found 
227.1188. 
 
3-Methyl-N-[4-(3-methyl-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-
yl)phenyl]benzamide 262. 
Citraconic anhydride (0.044 mL, 0.49 mmol) was added to 
a solution of 261 (111 mg, 0.49 mmol) in acetic acid (3 mL). 
The reaction mixture was stirred at ambient temperature 
under a N2 atmosphere for 20 min, and then heated to 
reflux overnight. The solvent was removed by evaporation under reduced 
pressure. The residue was taken up in CHCl3 and filtered off, affording 262 (120 
mg, 76%) as a pale yellow solid. 1H NMR (300.1 MHz, (CD3)2SO): ! = 10.35 (s, 1H, 
NH), 7.88–7.83 (m, AA’ of AA’BB’ system, 2H, Ar CH), 7.78–7.74 (m, 2H, Ar CH), 
7.43–7.41 (m, 2H, Ar CH), 7.31–7.27 (m, BB’ of AA’BB’ system, 2H, Ar CH), 6.79 (q, 
J = 1.7 Hz, 1H, CH), 2.41 (s, 3H, CH3), 2.08 (d, J = 1.8 Hz, 3H, CH3);
 13C NMR (75.5 
MHz, (CD3)2SO): ! = 170.6 (quat. C), 169.8 (quat. C), 165.7 (quat. C), 145.6 (quat. C), 
138.5 (quat. C), 137.7 (quat. C), 134.8 (quat. C), 132.3 (CH), 128.3 (CH), 128.2 (CH), 
127.5 (CH), 127.1 (quat. C), 127.0 (CH), 124.9 (CH), 120.5 (CH), 21.0 (CH3), 10.8 
(CH3); MS (ES+): m/z (%) = 343 ([M+Na]
+, 100); HRMS (ES+): m/z calc. for [M+Na]+ 
C19H16N2O3Na 343.1059, found 343.1055. 
 
3,5-Bis((4-tert-butylphenyl)ethynyl)-N-(4-(3-methyl-2,5-dioxo-2,5-dihydro-1H-
pyrrol-1-yl)phenyl)benzamide 263. 
Citraconic anhydride (0.043 mL, 0.48 mmol) was 
added to a solution of 170 (252 mg, 0.48 mmol) in 
acetic acid (6 mL). The reaction mixture was 
stirred at ambient temperature under a N2 
atmosphere for 5 h, and then heated to reflux for 
21 h. The solvent was removed by evaporation 
under reduced pressure, affording 263 (298 mg, 
100%) as a white solid. 1H NMR (300.1 MHz, 
CDCl3): ! = 7.95 (d, J = 1.4 Hz, 2H, Ar CH), 7.90 (s, 
1H, NH), 7.85 (t, J = 1.5 Hz, 1H, Ar CH), 7.80–7.75 (m, AA' of AA'BB' system, 2H, 
Ar CH), 7.51–7.47 (m, AA' of AA'BB' system, 4H, Ar CH), 7.41–7.37 (m, BB' of 
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AA'BB' system, 6H, 2 ! Ar CH), 6.49 (q, J = 1.8 Hz, 1H, CH), 2.18 (d, J = 1.8 Hz, 3H, 
CH3), 1.34 (s, 18H, CH3);
 13C NMR (75.5 MHz, CDCl3): ! = 169.8 (2 ! quat. C), 164.5 
(quat. C), 152.3 (quat. C), 146.0 (quat. C), 137.4 (CH), 137.2 (quat. C), 135.4 (quat. C), 
131.6 (CH), 129.5 (CH), 128.0 (quat. C), 127.6 (CH), 126.8 (CH), 125.6 (CH), 124.9 
(quat. C), 120.8 (CH), 119.6 (quat. C), 91.6 (quat. C), 87.1 (quat. C), 35.0 (quat. C), 
31.3 (CH3), 11.3 (CH3); MS (ES+): m/z (%) = 641 ([M+Na]
+, 100); HRMS (ES+): m/z 
calc. for [M+Na]+ C42H38N2O3Na 641.2780, found 641.2759. 
 
1-(4-Methylphenyl)-1H-pyrrole-2,5-dione 264. 
Maleic anhydride (1.28 g, 13.1 mmol) was added to a solution of p-
toluidine (1.40 g, 13.1 mmol) in acetic acid (50 mL). The reaction 
mixture was stirred at ambient temperature under a N2 atmosphere 
for 3.5 h, and then heated to reflux overnight. The solvent was removed by 
evaporation under reduced pressure. The residue was recrystallised from EtOH, 
affording 264 as a yellow solid. 1H NMR (400.1 MHz, CDCl3): ! = 7.28–7.26 (m, AA' 
of AA'BB' system, 2H, Ar CH), 7.22–7.19 (m, BB' of AA'BB' system, 2H, Ar CH), 
6.84 (s, 2H, CH), 2.38 (s, 3H, CH3);
 13C NMR (100.6 MHz, CDCl3): ! = 169.8 (quat. C), 
138.2 (quat. C), 134.3 (CH), 129.9 (CH), 128.6 (quat. C), 126.2 (CH), 21.3 (CH3); MS 
(CI+): m/z (%) = 188 ([M+H]+, 100); HRMS (CI+): m/z calc. for [M+H]+ C11H10NO2 
188.0712, found 188.0715. 
 
N-Methyl-N-phenylbenzamide 265. 
To a solution of benzanilide (2.46 g, 12.5 mmol) in dry THF (50 mL) 
at 0 °C under a N2 atmosphere was added NaH (60% w/w 
dispersion in mineral oil, 632 mg, 15.8 mmol), followed by 
iodomethane (1.0 mL, 16.0 mmol). The reaction mixture was stirred at ambient 
temperature for 2.5 h, and then partitioned between EtOAc and water. The organic 
layer was washed with saturated NaCl solution, dried (MgSO4) and concentrated 
by evaporation under reduced pressure. The residue was purified by column 
chromatography (SiO2, cyclohexane/EtOAc 2:1), affording 265 (2.58 g, 98%) as a 
pale yellow oil. 1H NMR (400.1 MHz, CDCl3): ! = 7.31–7.28 (m, 2H, Ar CH), 7.25–
7.19 (m, 3H, Ar CH), 7.17–7.11 (m, 3H, Ar CH), 7.05–7.01 (m, 2H, Ar CH), 3.50 (s, 
3H, CH3);
 13C NMR (100.6 MHz, CDCl3): ! = 170.6 (quat. C), 144.9 (quat. C), 135.9 
(quat. C), 129.6 (CH), 129.1 (CH), 128.7 (CH), 127.7 (CH), 126.9 (CH), 126.5 (CH), 
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38.4 (CH3); MS (ES+): m/z (%) = 234 ([M+Na]
+, 100); HRMS (ES+): m/z calc. for 
[M+Na]+ C14H13NONa 234.0895, found 234.0893. 
 
 N-(4-butylphenyl)-4-nitrobenzamide  266. 
4-Nitrobenzoyl chloride (1.17 g, 6.3 mmol) was added 
portionwise to a solution of 4-butylaniline (1.5 mL, 9.5 
mmol) and dry Et3N (2.6 mL, 18.6 mmol) in dry 
CH2Cl2 (30 mL). The reaction mixture was stirred at ambient temperature under a 
N2 atmosphere overnight, and then diluted with CH2Cl2. The organic phase was 
washed successively with 1 M HCl and saturated NaCl solution, dried (MgSO4) 
and concentrated by evaporation under reduced pressure, affording 266 (1.86 g, 
99%) as a white solid. 1H NMR (300.1 MHz, CDCl3): ! = 8.34–8.30 (m, AA' of 
AA'BB' system, 2H, H13), 8.02 (d, BB' of AA'BB' system, J = 8.8 Hz, 2H, H12), 7.88 (s, 
1H, H9), 7.53 (d, AA' of AA'BB' system, J = 8.3 Hz, 2H, H7), 7.22–7.18 (m, BB' of 
AA'BB' system, 2H, H6), 2.61 (t, J = 7.7 Hz, 2H, H4), 1.65–1.55 (m, 2H, H3), 1.42–1.29 
(m, 2H, H2), 0.93 (t, J = 7.3 Hz, 3H, H1);
 13C NMR (100.6 MHz, CDCl3): ! = 163.8 
(quat. C, C10), 149.8 (quat. C, C14), 140.7 (quat. C, C11), 140.4 (quat. C, C5), 134.9 
(quat. C, C8), 129.2 (CH, C6), 128.4 (CH, C12), 124.1 (CH, C13), 120.7 (CH, C7), 35.2 
(CH2, C4), 33.7 (CH2, C3), 22.4 (CH2, C2), 14.1 (CH3, C1); MS (CI+): m/z (%) = 120 (22), 
269 (100), 299 ([M+H]+, 30); HRMS (CI+): m/z calc. for [M+H]+ C17H19N2O3 299.1396, 
found 299.1406. 
 
4-Amino-N-(4-butylphenyl)benzamide 267. 
A three-necked round bottom flask was charged with 
a solution of 266 (0.86 g, 2.9 mmol) in dry THF (30 
mL), and inerted with three N2/vacuum purge cycles. 
10% Pd on carbon (0.88 g) was added under a flow of N2. The flask was purged 
with three vacuum/H2 cycles, before being equipped with a balloon filled with H2. 
The reaction mixture was stirred at ambient temperature under a H2 atmosphere 
for 19 h, and then filtered through a pad of Celite. The filtrate was concentrated by 
evaporation under reduced pressure. The residue was purified by column 
chromatography (SiO2, gradient from 100:0 to 98:2 CH2Cl2/MeOH), affording 267 
(0.71 g, 91%) as a white solid. 1H NMR (300.1 MHz, CDCl3): ! = 7.72–7.68 (m, AA' of 
AA'BB' system, 2H, H12), 7.64 (s, 1H, H9), 7.53–7.49 (m, AA' of AA'BB' system, 2H, 
H7), 7.18–7.14 (m, BB' of AA'BB' system, 2H, H6), 6.72–6.68 (m, BB' of AA'BB' 
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system, 2H, H13), 4.01 (s, 2H, H15), 2.59 (t, J = 7.7 Hz, 2H, H4), 1.64–1.54 (m, 2H, H3), 
1.41–1.29 (m, 2H, H2), 0.92 (t, J = 7.3 Hz, 3H, H1);
 13C NMR (75.5 MHz, CDCl3): ! = 
165.5 (quat. C, C10), 150.0 (quat. C, C14), 138.9 (quat. C, C5), 136.0 (quat. C, C8), 129.0 
(CH, C6+C12), 124.5 (quat. C, C11), 120.3 (CH, C7), 114.4 (CH, C13), 35.2 (CH2, C4), 33.8 
(CH2, C3), 22.4 (CH2, C2), 14.1 (CH3, C1); MS (ES+): m/z (%) = 291 ([M+Na]
+, 100); 
HRMS (ES+): m/z calc. for [M+Na]+ C17H20N2ONa 291.1473, found 291.1462. 
 
N-(4-butylphenyl)-4-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)benzamide 268. 
Maleic anhydride (126 mg, 1.28 mmol) was added to 
a solution of 267 (343 mg, 1.28 mmol) in acetic acid 
(40 mL). The reaction mixture was stirred at ambient 
temperature under a N2 atmosphere for 6 h, and 
then heated to reflux for 16 h. The solvent was removed by evaporation under 
reduced pressure. The residue was purified by column chromatography (SiO2, 
CHCl3/MeOH 99:1), affording 268 (230 mg, 52%) as a yellow solid. 
1H NMR (400.1 
MHz, CDCl3): ! = 7.96 (s, 1H, H9), 7.94–7.90 (m, AA' of AA'BB' system, 2H, H12), 
7.54 (d, AA' of AA'BB' system, J = 8.4 Hz, 2H, H7), 7.49–7.46 (m, BB' of AA'BB' 
system, 2H, H13), 7.17 (d, BB' of AA'BB' system, J = 8.5 Hz, 2H, H6), 6.87 (s, 2H, H16), 
2.60 (t, J = 7.7 Hz, 2H, H4), 1.63–1.55 (m, 2H, H3), 1.40–1.31 (m, 2H, H2), 0.93 (t, J = 
7.3 Hz, 3H, H1);
 13C NMR (100.6 MHz, CDCl3): ! = 169.2 (quat. C, C15), 164.9 (quat. 
C, C10), 139.6 (quat. C, C5), 135.5 (quat. C, C8), 134.5 (CH, C16), 134.3 (quat. C, C11), 
134.3 (quat. C, C14), 129.1 (CH, C6), 128.0 (CH, C12), 125.8 (CH, C13), 120.4 (CH, C7), 
35.2 (CH2, C4), 33.8 (CH2, C3), 22.4 (CH2, C2), 14.1 (CH3, C1); MS (CI+): m/z (%) = 349 
([M+H]+, 100); HRMS (CI+): m/z calc. for [M+H]+ C21H21N2O3 349.1552, found 
349.1563. 
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8 
Appendices 
 
 
8.1 Summary of binding experiments 
 
 The following tables summarize all the binding experiments carried out at 25 °C 
in CDCl3 between the different macrocycles and guests synthesised. The 
1H NMR 
spectra of the macrocycle/guest mixtures showed complexes either in fast 
exchange (F), or in slow exchange (S), or in intermediate exchange (I), or no 
changes (!) compared to the species observed in isolation. In the case of fast 
exchanges, the Ka [M
–1] were determined by titration (#) or dilution ("). In the case 
of slow exchanges, the Ka [M
–1] were determined by the single-point method (*). 
Intermediate exchanges lead to broad peaks and prevent the determination of Ka. 
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Table 8.1 Binding experiments carried out with macrocycles 94 and 100. 
Guest 
NN
O
N
O
NH
O
HN
 NN
O
N
O
NH
O
HN
 
O
N
H  
! ! 
O
N
H
N
H  
! ! 
O
N
H
N
H  
!  
 
 
 
Table 8.2 Binding experiments carried out between macrocycles 112, 124, 130 and 
pyridone guests. 
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Table 8.3 Binding experiments carried out between macrocycle 130 and amide, urea 
and nitrone guests. 
Amides Ureas 
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Table 8.4 Binding experiments carried out between macrocycles 112 and 124, and 
amide guests. 
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8.2 X-ray crystallography determination data 
 
8.2.1 Macrocycle 94 
 
Table 8.5 Crystal data and structure refinement for macrocycle 94. 
Empirical formula  C38H41N5O3 
Formula weight  615.76 
Temperature  93(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 10.3124(9) Å ! = 83.172(15)° 
 b = 10.7580(9) Å " = 75.899(12)° 
 c = 16.583(2) Å # = 67.876(10)° 
Volume 1652.1(3) Å3 
Z 2 
Density (calculated) 1.238 Mg/m3 
Absorption coefficient 0.080 mm–1 
F(000) 656 
Crystal size 0.1000 x 0.1000 x 0.0300 mm3 
Theta range for data collection 2.28 to 25.33° 
Index ranges -11<=h<=12, -10<=k<=12, -19<=l<=15 
Reflections collected 10796 
Independent reflections 5799 [R(int) = 0.0242] 
Completeness to theta = 25.33° 96.2 %  
Absorption correction Multiscan 
Max. and min. transmission 1.0000 and 0.7639 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5799 / 2 / 425 
Goodness-of-fit on F2 1.058 
Final R indices [I>2sigma(I)] R1 = 0.0466, wR2 = 0.1095 
R indices (all data) R1 = 0.0642, wR2 = 0.1202 
Extinction coefficient 0.0035(15) 
Largest diff. peak and hole 0.264 and –0.195 e.Å–3 
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8.2.2 Macrocycle 96 
 
Table 8.6 Crystal data and structure refinement for macrocycle 96. 
Empirical formula  C39H42N4O3 
Formula weight  614.77 
Temperature  93(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 10.2585(9) Å ! = 84.163(13)° 
 b = 10.8505(9) Å " = 76.398(10)° 
 c = 16.469(2) Å # = 68.856(12)° 
Volume 1661.5(3) Å3 
Z 2 
Density (calculated) 1.229 Mg/m3 
Absorption coefficient 0.078 mm–1 
F(000) 656 
Crystal size 0.2000 x 0.1000 x 0.1000 mm3 
Theta range for data collection 2.18 to 25.35° 
Index ranges -12<=h<=11, -10<=k<=13, -19<=l<=13 
Reflections collected 10786 
Independent reflections 5832 [R(int) = 0.0249] 
Completeness to theta = 25.35° 95.8 %  
Absorption correction Multiscan 
Max. and min. transmission 1.0000 and 0.8057 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5832 / 2 / 424 
Goodness-of-fit on F2 1.003 
Final R indices [I>2sigma(I)] R1 = 0.0407, wR2 = 0.1042 
R indices (all data) R1 = 0.0507, wR2 = 0.1105 
Largest diff. peak and hole 0.218 and –0.265 e.Å–3 
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